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ABSTRACT 
Geology of the Cuesta Ridge Ophiolite Remnant near San Luis Obispo , California: 
Evidence for the Tectonic Setting and Origin of the Coast Range Ophiolite 
by 
Cameron A. Snow, Master of Science 
Utah State University, 2002 
Major Professor: Dr. John W. Shervais 
Department: Geology 
The Cuesta Ridge ophiolite is one of the best-preserved remnants of mid-Jurassic 
ophiolite in California . Geologic mapping and petrologic studies show that it comprises 
(1) harzburgite mantle tectonite , (2) dunite-rich mantle transition zone (MTZ), (3) 
wehrlite and pyroxenite , (4) isotropic gabbro, (5) sheeted dike/sill complex , (6) volcanic 
rocks (7) late-stage dikes and flows , and (8) tuffaceous radiolarian chert. 
The sheeted dike/sill complex is dominated by quartz diorite, with significant modal 
quartz and hornblende. The volcanic section is dominated by arc tholeiite and boninitic 
lavas. Boninites, with high MgO , Cr, and Ni comprise 40% of the volcanic rocks. Late-
stage dikes and lava flows below the overlying chert, have a MORB-like affinity. 
lll 
These data suggest formation in a supra-subduction zone setting with three stages of 
arc-related magmatism before late-stage MORB magmatism. I infer formation above the 
east-dipping proto-Franciscan subduction zone and suggest that ophiolite formation 
was terminated by a ridge subduction/collision event. 
lV 
(150 pages) 
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CHAPTER I 
INTRODUCTION 
OVERVIEW OF COAST RANGE GEOLOGY 
1 
The California Coast Ranges contain three major tectonostratigraphic elements: 
the Jurassic to Cretaceous Franciscan accretionary complex , Jurassic to Cretaceous Great 
Valley forearc basin sedimentary rocks , and Tertiary sedimentary units (Fig. 1; Blake and 
Jones , 1981; Dickinson, 1981 ). The northern and central Coast Ranges are bounded by 
the San Andreas fault system to the west and the Great Valley to the east. The southern 
Coast Ranges are bounded by the Sur-Nacimiento fault system to the east and the Pacific 
Ocean to the west. Coast Range uplift began circa 3 .5 Ma and still persists, mainly as a 
result of the transform plate boundary between the North American and Pacific plates 
(Page et al., 1998). 
The Late Jurassic to Cretaceous Franciscan assemblage is an accretionary 
complex formed by subduction of ocean lithosphere . It consists largely of blocks of 
graywacke , siltstone , and metagraywacke with subordinate serpentine , chert , and basalt 
variously metamorphosed to zeolite, prehnite-pumpellyite , greenschist, blueschist , or 
eclogite facies (Jayko and Blake , 1989; Ernst 1993; Isozaki and Blake, 1994; 
Wakabayashi and Unruh, 1995). The Franciscan is typically subdivided into three belts: 
the Coastal belt, Central belt, and Eastern belt (Blake and Jones, 1981 ). 
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Figure 1. Generalized geologic map of California. The Coast Range 
ophiolite (CRO) of California is shown in black. The Cuesta Ridge 
ophiolite remnant is the primary focus of this study (figure modified 
from Shervais and Kimbrough, 1985). 
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The westernmost belt in the Franciscan is the Coastal belt. The Coastal belt is 
the youngest, with Late Cretaceous fossil ages (Blake and Jones, 197 4 ). Coastal belt 
sandstones differ from other belts in that they are more arkosic sandstones and contain 
little to no chert and volcanic detritus (Blake and Jones, 1981 ). The metamorphic grade 
of the Coastal belt is largely zeolite with minor prehnite-pumpellyite, and no blueschist 
facies minerals are present (Blake and Jones , 1981). 
According to Blake and Jones (1981) , immediately east of the Coastal belt is the 
Central belt. The Central Belt comprises bodies of graywacke and metagraywacke, 
kilometer-scale slabs of greenstone, chert, and serpentinite, and a majority of the high-
grade blueschist , eclogite , and amphibolite knockers found in the Coast Ranges. The 
matrix is predominantly sheared mudstone with intercalated "matrix graywacke." Fossil 
ages from the matrix melange and chert knockers yield Late Jurassic and Early 
Cretaceous ages (Blake and Jones , 1974; Pessagno, 1973). 
3 
The Eastern belt , which lies east of the central belt comprises metamorphosed 
elastic sedimentary rocks with minor metachert and metagreenstone (Blake and Jones , 
1981) and is the easternmost belt of the Franciscan. The Eastern belt is bounded by the 
Coast Range fault to the east and is the oldest belt with Valanginian fossil ages and 90-
105 Ma (K/Ar) high PIT metamorphism dates (Isozaki and Blake, 1994; Suppe and 
Armstrong, 1972; Lanphere et al., 1978; McDowell et al., 1984). 
East of the Coast Range fault are late Mesozoic to Cenozoic Great Valley Group 
forearc basin deposits which overly the Late Jurassic Coast Range Ophiolite (CRO). The 
4 
Great Valley Series (GVS) forearc basin extends over 700 km from the Transverse 
Ranges in the south to the Klamath Mountains in the north (Fig 1 ). The basin fill consists 
of 12,000-15 ,000 meters of sediment and rocks that were deposited contemporaneously 
with Sierran magmatism as determined by paleontologic and isotopic data (Dickinson, 
1981 ). In the northern Coast Ranges and Diablo Range, the GVS contains mostly 
turbidites that unconformably overlie the CRO and are Tithonian to Valanginian in age 
(Moxon and Graham, 1988). In the southern Coast Ranges, the CRO is unconformably 
overlain by the Upper Jurassic Toro Formation and Upper Cretaceous Great Valley 
sandstones. The Toro Formation is black shale that is correlative to the Espada and 
Knoxville Formations of the lower Great Valley sequence . 
Tertiary sedimentary and volcanic rocks unconformably overlie much of the 
Franciscan accretionary comple x, Great Valley forearc deposits , and CRO. In the 
southern Coast Ranges these formations inciude the Oligocene Vaqueros sandstone and 
Temblor Formation , the Miocene Monterey Formation , and several others that represent 
marine overlap and cover deposits (Page , 1981; Page et al. , 1998). 
LOCATION AND GEOLOGIC SETTING 
OF CUESTA RIDGE 
Cuesta Ridge is a long linear ridge that is situated north of San Luis Obispo, CA, 
between California Highway 41 to the north and California Highway 1 to the south (Fig. 
2) . The ridge separates rocks correlated with the Great Valley Sequence (GVS) to the 
north from rocks of the Franciscan assemblage to the south. Cuesta Ridge is geologically 
o'E======--5km Smi 
N 
t 
Olos Osos 
San Luis Obispo 
Figure 2. Cuesta Ridge location map. Cuesta Ridge is locate between Highway 
101 and Highway 41, oriented northwest-southeast, and outlined in black with 
horizontal stripes. 
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diverse , and comprises a large ophiolite remnant , the Franciscan accretionary complex, 
and GVS and younger sediments that also record Neogene deformation and uplift. 
6 
Page (1972) and Pike (1974) worked at Cuesta Ridge, and performed the mapping 
that has made further studies possible. Both workers noted the quartz-hornblende diorite 
intrusives and late-stage dikes . Page (1972) mapped all of Cuesta Ridge and the 
surrounding area and determined the synclinal nature of the remnant. Page also helped to 
determine the age of the ophiolite via buchia fossils in the Toro Formation and 
radiolarians in the tuffaceous chert. Pike (197 4 ), performed whole-rock and phase 
chemistry, which created a foundation for future studies to be based upon. Pike (197 4) 
also recognized the existence of more than one volcanic suite, revealing its multi -stage 
origin. Both workers concluded that the Cuesta Ridge ophiolite remnant represents 
oceanic crust that formed during the mid-Jurassic at a mid-ocean spreading center, and 
was subsequently accreted to the western margin of California before GV S sedimentary 
rocks were deposited . 
HISTORY OF THE TERM OPHIOLITE 
The term ophiolite has been in use since the late 1820s, to describe a distinctive 
sequence of rocks containing ultramafic , gabbroic, and basaltic rocks that are commonly 
capped by a thin layer of oceanic sediments (Brongniart, 1821; Steinmann, 1927). 
Relatively complete ophiolites are found in Troodos, Oman, and eastern Papua (Pallister 
and Hopson, 1981; Kelemen et al., 1997), however, more commonly, only thin slivers 
are present (e.g., the CRO, the focus of this study). 
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Ophiolite sequences have been correlated with oceanic crust and the uppermost 
portion of the mantle. Early studies (e.g., Moores and Jackson, 1974) strongly favored 
mid-ocean ridge origins for ophiolites . The primary data used to make that connection 
were the similarities between ophiolites and oceanic lithosphere including rock types 
(basalt, dolerite , gabbro and ultramafic rocks), stratigraphies , layered intrusions, low-
pressure metamorphism , overlying sedimentary rocks , seismic velocities, and thickness 
(Gass , 1967; Gass and Smewing, 1973; Moores and Vine, 1971; Dewey and Bird, 1971; 
Hynes , 1975; Moores , 1975). The mechanisms proposed for transporting and preserving 
these bodies ranged from obduction to captured welts on the ocean floor in the 
accretionary prism via subduction erosion. Early geochemical sampling of the ocean 
floor via drilling and dredging also revealed similarities on the basis Ti, Zr, and Y 
(Pearce and Cann, 1973). The popular hypothesis that ophiolites were formed at mid-
ocean ridges was first challenged by Miyashiro ( 197 4 ), who associated the rocks of the 
Troodos massif with those of an island arc. Miyashiro (1974) argued that Ti 0 2, Si 0 2, and 
FeO* when plotted against FeO*/MgO showed calc-alkaline trends that were distinct 
from the tholeiitic trends displayed by rocks dredged from spreading centers. Miyashiro 
(1974, 1975) also stated that many diorites and similar silica-rich rocks that are found in 
the Troodos massif are chemically and modally distinct from those found at any 
spreading center. 
The volumes of data that have since been published on the Troodos, Oman, and 
Coast Range ophiolites strengthen Miyahiro's hypothesis. By the mid 1980' s, the term 
ophiolite, was so entrenched in the literature as an ocean crust analogue , that the term 
supra-subduction zone (SSZ) ophiolite was first proposed to distinguish ophiolites that 
form in or near arcs from those that form at mid-ocean ridges (Pearce, 1980). 
PREVIOUS WORK 
The CRO of California , first recognized by Bailey et al. (1970), is a crucial 
geologic entity that must be fully understood to properly interpret the tectonics of the 
western Cordillera of the United States . Unfortunately , there is no consensus on how or 
where the CRO originated. There are currently three predominant hypotheses that 
attempt to explain how the CRO was formed and emplaced (Dickinson et al., 1996): 
1) The CRO formed at an equatorial mid-ocean spreading center and traveled 
northward toward an east-dipping subduction zone in front of the Sierran arc (e.g., 
Page, 1972; Pike, 1974; Hopson et al., 1981; Moores , 1982; Hopson et al., 1997). 
2) The CRO formed at a back-arc spreading center behind an intra-oceanic island arc 
that then collided with the western U.S. continental margin during the Nevadan 
Orogeny ( e.g., Schweickert et al., 1984; Robertson , 1989; Hull et al., 1993; 
Schweickert , 1997; Godfrey and Klemperer, 1998). 
8 
9 
3) The CRO is a SSZ ophiolite that formed via spreading in the forearc region in 
response to slab rollback ( e.g., Shervais and Kimbrough, 1985; Shervais 1990; Stem 
and Bloomer , 1992; Giaramitra et al., 1998; Evarts et al., 1999). 
Mid-Oceanic Ridge Origin for CRO. One of the classic models of ophiolite 
evolution both in the CRO and worldwide, is one that involves formation at a mid-ocean 
ridge with subsequent transport toward a subduction zone. Obduction must occur in 
order for the oceanic crust to become preserved as an ophiolite. It has been hypothesized 
that the CRO formed at an equatorial mid-ocean ridge and was then transported rapidly 
north and east toward the east-dipping proto-Franciscan subduction zone (Hopson et 
al., 1981; Page, 1972; Pike, 1974; Hopson et al., 1997). Evidence for this model is 
predominantly based on paleomagnetic studies and stratigraphic relationships. 
Paleomagnetic studies concluded that the rocks formed in an equatorial setting 
and were subsequently transported rapidly to the north and east (Hopson et al., 1981; 
Hopson et al., 1997; Beebe , 1986; Pessagno et al., 1987). This is inconsistent with what 
is expected if the CRO formed in any other environment other than at a spreading center. 
However , Ward (1995) reported that North America rapidly moved no1ihward shortly 
after CRO formation , which would also result in similar paleomagnetic results . Also, it is 
possible that sediment compaction may have caused magnetic grain alignments to be 
flattened , yielding inaccurate results that show formation closer to the equator (Hagstrum 
and Murchey, 1996). 
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Stratigraphic relationship s are perhaps the best evidence to support the mid-
ocean ridge origin for the CRO. Bergerer and Winterer ( 197 4) recognized that oceanic 
plates have a unique "plate stratigraphy ," which can provide a transport history. 
Therefore a plate formed at a mid-ocean ridge will reflect transport toward a subduction 
zone, which is evident from an increase of arc-derived sediments through time (Hopson 
et al., 1981; Hopson et al. , 1997). Assuming that volcanism during the Jurassic was 
continuous in the Sierra-Nevadan arc, stratigraphy at the Point Sal and Stanley Mountain 
remnants reflect that the oceanic crust originated beyond the zone of terrigenous and arc 
derived material (Hopson et al., 1997) because there are no tuffs or volcanics seen 
overlying the CRO. 
BAB Origin for CRO 
The back-arc basin (BAB) model of evolution suggests that the CRO was formed 
by back-arc (or inter-arc) spreading behind an east facing intra-oceanic island arc that 
was accreted during the late Juras sic Nevadan orogeny ( e.g., Schweickert et al., 1984; 
Robertson , 1989; Hull et al., I 993 ; Schweickert , 1997; Godfrey and Klemperer , 1998). 
Evidence includes stratigraphic remnants from the arc complex , a suture belt from the 
arc-arc collision , and geochemical evidence (Schweickert et al., 1984; Dickinson et al., 
1986; Hull et al., 1993; Schweickert , 1997). 
The stratigraphic evidence that is suggestive of an arc complex is a thick 
succession of deformed Jurassic lavas and pyroclastic rocks that lies on top of ophiolitic 
basement in the Sierran foothills . Paleozoic-Mesozoic marine strata that have been 
variably metamorphosed appear to be enclosed between arc assemblages and are 
interpreted as a suture zone (Schweickert and Cowan, 1975). These marine strata are 
predominantly chert-argillite and turbidite sequences of the Mariposa Formation. The 
Mariposa Formation has also been inferred to represent an overlap assemblage that 
represents a remnant ocean basin , as well as a suture zone (Ingersoll and Schweickert , 
1986). 
11 
The hypothesis that the CRO formed in a back-arc basin that was accreted to the 
western North American margin was weakened when it became clear that the Nevadan 
Orogeny was a long-lived series of deformational events that started as early as 180 Ma 
(well before the CRO was formed) instead of a brief event that ended at approximately 
145 Ma (Harper and Wright , 1984; Wright and Fahan , 1988; Saleeby , 1982, 1983, 1990; 
Tobisch et al., 1989; Wolf and Saleeby , 1995). 
CRO as a SSZ Ophiolite 
Geochemical evidence , stratigraphic relationships , and relations to coeval arc and 
ophiolitic rocks in the Klamath Mountains and Sierra Nevada (Saleeby and Harper , 1993; 
Giaramitra et al., 1998) support the hypothesis that the CRO formed in a SSZ setting . 
The best supporting evidence that the CRO formed in a SSZ setting is the geochemical 
signature of the ophiolitic rocks . Early studies (Hopson et al., 1981; Pike, 1974) focused 
only on the petrology and major element geochemistry of the CRO. More recent studies 
(Shervais and Kimbrough, 1985; Shervais, 1990) have focused on the characteristic trace-
12 
element concentrations and ratio s in the ophiolitic rocks. Since the CRO has largely 
been metamorphosed to greenschist and sub-greenschist assemblages, distinguishing 
between oceanic , back-arc , and forearc setting based on major-element chemistry is 
impossible. Trace elements are much less mobile during metamorphism and are 
considered to be more reliable in distinguishing forearc crust from back-arc crust and 
mid-ocean ridge basalts (MORB). The similarity between the CRO and modern forearcs 
is obvious on plots of TiO2 vs. Fe/(Fe +Mg) , Ti vs. Zr , V vs . Ti, and Th/Yb vs . Ta/Yb 
(Giaramitra et al., 1998; Shervais and Kimbrough, 1985; Shervais , 1990). 
Stratigraphic evidence for SSZ formation of CRO includes the large amount of 
arc volcanics found within the tuffaceous radiolarian chert that is the uppermost unit in 
the CRO. The amount and composition of the volcanics point to deposition near an 
adjacent arc (Shervais , 1990; Giramitra et al., 1998). The presence of "brecciated" 
basaltic volcanic s may also suggest that the CRO formed in a SSZ setting next to an 
adjacent arc , but does not exclud e formation at a mid-ocean spreading center. 
Finally , the CRO may be very analogous to the slightly older, more understood Josephine 
ophiolite located in western Klamath Mountains (Saleeby and Harper , 1993). It is 
generally accepted that the Josephine ophiolite formed in a transtentional basin that 
opened along the edge of the Sierran-Klamath Middle Jurassic arc (Saleeby and Harper, 
1993 ). The idea has been proposed that the opening of the basin that the Josephine 
ophiolite formed in may have been the predecessor to the rest of the spreading that 
allowed the CRO to reach forearc spreading (Saleeby and Harper, 1993). 
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CHAPTER II 
UNIT DESCRIPTIONS AND RELATIONSHIPS 
INTRODUCTION 
Geologic mapping of the northern one-third of the San Luis Obispo 7.5 minute 
quadrangle and southern one-third of the Atascadero quadrangle at the 1:12,000 scale 
was conducted during late May and June , 2001. The map area included a nearly 
complete ophiolite section, the Franciscan accretionary complex , Great Valley forearc 
deposits , and younger sedimentary rocks (Fig. 3). Although recent faulting has disrupted 
much of the area, many of the original structural and stratigraphic relationships are 
preser ved. 
Coast Range Ophiolite 
The Coast Range ophiolite at Cuesta Ridge consists of eight units, listed 
stratigraphically from oldest to youngest: harzburgite and dunite , wehrlite and 
clinpyroxenite , gabbro , volcanic rocks, diorite sheeted complex, late mafic intrusive 
rocks , volcanic breccia , and tuffaceous radiolarian chert. The chert forms long linear fins 
that form the high ridge , with the underlying ophiolite forming the western slope of the 
ridge (Fig. 3). The plutonic units are exposed in the south-central to southern region on 
the ridge , the volcanic units are exposed on the southern region , are absent in the central 
Figure 3. Geologic map of Cuesta Ridge. Mapping was perfromed at 1:24,000 and the contour interval shown is 200 feet. Mapping was 
performed by Cameron A. Snow and John W. Shervais May-June, 2001. Compilation was performed by C. A. Snow using Maplnfo GIS 
software. The upper half of map is the Atascadero 7.5' quadrangle and the lower half is the San Luis Obispo 7.5' quadrangle. The map 
extends 2.5' into each quadrangle. 
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region of the ridge, and are exposed on the northern portion of the ridge and on Cerro 
Alto peak. The harzburgite and dunite are found along the length of the ridge on the 
western flank and are the only portion of the ophiolite preserved in the central region of 
the ridge. 
Harzburgite and Dunite 
The harzburgites and dunites at Cuesta Ridge are over 1000 m thick and have 
been severely deformed from Neogene reverse faulting (Fig. 4). Cr-spinels in the 
serpentinized rocks were often aligned, and may be indicative of mantle flow direction 
but were mainly found in boulders and not outcrop. There is also a fabric in the 
serpentinites; however , neither the mineral lineations nor fabrics were systematic 
throughout the Cuesta Ridge area nor were they present in all outcrops. 
Harzburgite is inferred to represent the oceanic mantle tectonite. The harzburgite 
consists of 75-80% olivine (- Fo 86) (3-5 mm) that is heavily serpentinized, 15-20% 
orthopyroxene (up to 4mm) that is variably altered , and 5% or less opaque minerals. The 
olivines are weakly deformed. The harzburgites typically display a penetrative 
deformation where preserved . 
The dunites , whose presence defines the mantle transition zone (MTZ), are less 
altered. Dunites consist of 90-95% altered (and occasionally fresh), weakly deformed 
euhedral-subhedral olivine (3-5mm) (- Fo 86) and 5-10% opaque minerals (<2mm). The 
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Figure 4. Cross-sections A-A and B-B of the Cuesta Ridge ophiolite remnant and younger tertiary sedimentary 
rocks. Both show the relationship between the olistostrome and the ophiolite which is being thrust over it. The 
cross-sections also show the unconformable nature of the submarine fan deposit above the Monterey, Sisquoc, and 
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texture is allotriomorphic to panidiomorphic granular, but is overwritten by extreme 
serpentinization in most samples. 
Wehrlite and Clinopyroxenite 
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Wehrlite, as defined by field mapping, comprises a range of compositions 
including clinopyroxenite, lherzolite, and wehrlite. For clarity, all of the aforementioned 
rock types will be referred to as wehrlite for simplicity and because previous workers 
throughout the CRO have historically called this unit wehrlite. Wehrlite occurs primarily 
as a series of sills that cut the uppermost portion of the mantle and mantle transition zone 
(MTZ). The wehrlites are exposed /preserved only in the southeastern to central portion 
of the ridge. Most contain cumulus olivines (Fo 85-86) (- 45%) and clinopyroxene (Wo 
25-50 , En 40-55 , Fs <8)(- 30%) with post-cumulus orthopyroxene (Wo <2, En 80-82, Fs 
12-16) (- 15%) and pargasitic hornblende (- 10%). The olivines are occasionally fresh, 2-
6 mm in diamater , and are fractured. The clinopyroxene grains occur as large (3-5 mm) 
cumulus crystals and small rare exsolution lamellae in 011hopyroxene grains . The 
orthopyroxene (2-4 mm) and hornblende (up to 8 mm) are extremely fresh , surround the 
olivine and, and are both post-cumulus. Allotriomorphic cumulus textures dominate the 
suite. 
The wehrlite is often cross-cut by small gabbro dikes (Fig.5) , however, these 
small gabbro dikes are likely not directly related to other gabbros in the ophiolite section . 
Figure 5. A small outcrop of wehrlite (reddish-brown) being cross-cut by small 
gabbroic dikelets (white). The wehrlite primarily crops out as small "piles" found 
on hilltops. The gabbro dikelets probably represent trapped liquid and are not 
related to the larger bodies of isotropic gabbros found at Cuesta Ridge. 
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These gabbros are interpreted as trapped liquids that have been concentrated in dike-
like features due to compaction of the cumulate crystals. 
Gabbros 
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The mafic intrusives in the Cuesta Ridge area consist of non-layered isotropic 
gab bros and me la-gab bros. The gab bros are exposed on the southeastern portion of the 
ridge and the center section of the ridge. The gab bros at Cuesta Ridge are difficult to 
interpret because they are fault-bounded and lack cumulate layering. The lack of 
cumulate layering is in stark contrast to other CRO locales (e.g., Pt. Sal) and other 
ophiolites ( e.g. Semail ophiolite) in which layered gabbros are dominant and have been 
interpreted as the magma chamber beneath a mid-ocean spreading ridge. The gabbroic 
section at Cuesta Ridge is also much smaller than at most other CRO locales (Hopson et 
al.,1981). 
Isotropic gab bros at Cuesta Ridge consist of plagioclase and hornblende with 
minor quartz or clinopyroxene. Plagioclase is the main phase, comprising 75-85% of the 
leuco-gabbros and 60-70% mela-gabbros. The plagioclase has been variab ly altered to 
al bite , and does not display optical zonation. The hornblendes vary from 10-15% 
abundance , are very fresh , 2-3 mm across, likely pargasitic, and have a light brown to 
dark brown pleochroism . Quartz is a primary phase in many of the samples, but is not 
present in the pyroxene-bearing gabbros. The quartz grains are typically small (1-3 mm) 
and range from 0-5% abundance. Clinopyroxenes are small, partially altered and rarely 
exceed 1-2% abundance in most of the gab bros. 
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Quartz Hornblende Diorite 
In contrast to what is observed in most ophiolites, the Cuesta Ridge ophiolite has 
a sheeted dike and sill complex that is composed entirely of quartz-hornblende diorite, 
primarily preserved on the southern end of Cuesta Ridge. Although many of the diorites 
fall within the IUGS granodiorite field, they will be referred to as diorite for both 
simplicity and to make correlation to previous work done throughout the Coast Ranges 
easier. The dikes and sills contain 10-20% modal quartz (2-4 mm), 60-70% plagioclase 
(An 4-10) (3-4 mm), and 10-25% pargasitic hornblende (2-3 mm), and display a 
hypidiomorphic granular texture . There is also a minor opaque (ilmenite?) phase that is 
primary. Plagioclase is strongly zoned and variably albitized. The plagioclase also 
displays minor chlorite alteration . 
The dike and sill complex intrudes the massive basal member of the volcanics, 
both entraining large blocks and cross-cutting it (Fig.6 a-b ). The intrusive relationship is 
most clear on the margins of the sill complex before it becomes 100% intrusives (a 
distance of about 150 m). This sheeted intrusive complex consists of several individual 
sills that are typically 1-3 m thick, which can be discerned via chilled margins (grain size 
in dikes and sills increases toward center). The dikes and sills could not be traced back to 
a large magma chamber. 
Figure 6. Field occurrence of diorite sheeted complex. A. Screen of basaltic 
material (outlined in black) that was trapped in the intrusive diorite (white; lower 
boundary above hammer). B. Dike complex of diorite (white material being 
outlined by black lines), which is cutting older volcanics, and is being cut by 
younger MORB composition dikes. 
1 
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Volcanic Rocks 
Stratigraphy. Volcanic rocks at Cuesta Ridge occur in two distinct, structurally 
separate areas. Volcanic rocks on the northwest end of the ridge, near Cerro Alto, have a 
definite internal stratigraphy. Those on the southeast end of the ridge have no 
recognizable stratigraphy, although a variety of flows and structures are recognizable in 
outcrop. 
The volcanic rocks on the northwest end of the ridge and in the Cerro Alto area 
stratigraphically overlie serpentinized harzburgite and dunite. The volcanic rocks are 
600-1310 m thick, and have an internal stratigraphy as determined from mapping (Fig. 7). 
The lower 500-1200 m of the volcanics consists of massive and pillowed basalts. This 
basal member is severely faulted, fractured, and more highly weathered than the upper 
members of the volcanic series. Up section from the basal basalt , there are four members 
preserved: (1) a lower volcanic breccia, (2) pillow lavas , (3) massive volcanic flows , and 
( 4) an upper volcanic breccia . The lower volcanic breccia is 30 m thick (Fig. 8a) and has 
clasts that range from 2-40 cm and has an interbedded sheet flow or ash approximately 20 
cm thick. The clasts are dacitic and homolithic indicating that this is likely an eruptive 
breccia . The next member , up section, is a series of massive flows approximately 30 m 
thick . These volcanics contain large Cr-diopside pyroxenes and boninitic whole-rock 
compositions . Pillowed lavas overlie the massive flows and are 40 m thick (Fig. 8b ). 
The pillows range in size from 0.5-1.Sm, and are dipping to the northeast. The pillow 
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Figure 7. Volcanic stratigraphy for the northwest end of Cuesta Ridge with massive basal 
section and four upper members. The steepness of the slope on the right hand side of 
the diagram corresponds with resistance to weathering. 
Figure 8. Field occurrence of volcanic rocks at northwest end of Cuesta Ridge. 
A. Photograph of volcanic breccia in lowest member of the volcanic rock 
sequence. B. Photograph of the pillow lavas which constitute the third member 
of the volcanic rock sequence. 
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basalts also contain the Cr-diopsides that were present in the massive flows. The 
stratigraphically highest member of the volcanic section consists of the upper brecciated 
volcanics that are approximately 10 m thick. Clasts in this unit are smaller than in the 
lower volcanic breccia ranging from 2-15 cm. The clast makeup is similar to that of the 
lower volcanic breccia , and is also interpreted to be eruptive. This member is directly 
overlain by the tuffaceous radiolarian chert. 
The volcanic rocks on the southeast end of the ridge are 600-1200 m thick, but the 
stratigraphy observed in the volcanic section on the northwest end of the ridge is not 
preserved. The volcanics in the southeast stratigraphically overlie the sepentinite and 
gab bro, though the nature of the contacts between these units is unclear. The southeast 
volcanics are cross-cut by the quartz-hornblende diorite dike complex . The volcanics on 
the southeast end are slightly pillowed, highly weathered, and faulted. 
Petrography. There are three distinct volcanic assemblages: 1) olivine , 
clinopyroxene , and plagioclase phyric , 2) hornblende and plagioclase phyric, and 3) 
plagioclase and quartz phyric . These three assemblages are hereafter referred to as group 
one, group two, and group three, respectively. All of the volcanics appear to be altered 
by sub-greenschist metamorphism , but most phenocrysts are somewhat fresh. 
Group one volcanics are basalts characterized by phenocrysts of olivine (relict), 
clinopyroxene, and plagioclase in either a glassy matrix (glass is devitrified) with flow 
structures or a fine-grained plagioclase groundmass with no flow structures. Plagioclase 
phenocrysts (15-25%) are 2-4 mm in diameter and are variably replaced by albite (An 
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- 5). The clinopyroxene phenocrysts (5-15%) are 1-3 mm in diameter, and are 
extremely fresh. The clinopyroxene phenocrysts have a composition of Wo 39-42, En 
50-54, Fs 7-10. The olivines are typically only present as relict grains that have been 
completely replaced by calcite and amorphous silica, except in only a few samples. The 
olivines (Fo content unavailable) are 2-3 mm across and are present in 10% abundances. 
The phenocryst assemblage closely resembles that of the wehrlite and may reflect a 
genetic correlation between the two. 
Group two volcanics are andesites that consist of hornblende, plagioclase, and 
magnetite phenocrysts in finer grained heavily chloritized groundmass. Plagioclase (1-4 
mm) accounts for approximately 75% of the phenocrysts, and most are completely 
albitized (An - 5). The hornblendes (approximately 15%) appear fresh, are 1-2 mm 
across , and have a light brown to dark brown pleochroism. The opaque minerals 
(magnetite +/- ilemenite) are 1-2 mm across and account for approximately 10% of the 
phenocrysts. This assemblage is very similar to the gabbroic section and may represent a 
,relationship between the two . 
Group three is a quartz keratophyre that has a phenocryst assemblage that is 
nearly identical to the quartz hornblende diorite. Plagioclase (3-4 mm) comprises 
approximately 90% of the phenocrysts and is intensely altered. Chlorite is the main 
alteration mineral, but it is also likely that many of the plagioclases are albitized. The 
quartz phenocrysts are 2-3 mm across, and constitute about 10 % of the rock. The 
groundmass is largely obscured by chlorite alteration. Table 1 lists phenocryst 
assemblage and the geochemical affinity of the liquid in an effort to help relate the 
petrographic data presented here with the geochemical data presented in Chapter III. 
Table 1. Correlation of phenocryst assemblage to geochemical suite for volcanic rocks. 
Phenocryst Assemblage 
Hornblende+plagioclase+matrix 
Clinopyroxene+olivine+/- plagioclase 
Clinopyroxene+plagioclase 
Olivine+plagioclase+/-clinopyroxene 
Plagioclase+quartz 
Late-Stage Intrusive Series 
Suite 
Cale-alkaline volcanics 
Boninite 
Arc tholeiite 
MORB 
Quartz keratophyre 
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The final magmatic stage at Cuesta Ridge is a series of mafic dikes that cross-cut 
the quartz-hornblende diorites (Fig. 9a-b ), gab bros , and volcanic rocks . They are present 
over the entire length of the ridge. These late-stage dikes predominantly run parallel or at 
a slight angle to the diorite , and vary from a few centimeters to 3 m thick. The larger 
dikes display chilled margins of finer grained material. There appear to be multiple 
stages of injection in this stage of ophiolite formation as based on these dikes cross-
cutting themselves. Some of these dikes may be feeders to late-stage flows as well. 
Figure 9. Field occurrence of late-stage dikes. A. Late-stage MORB dike intruding 
diorite sill complex. B. Late stage dike of MORB material cutting diorite sill. The 
fault, which is cutting the dikes, is just a small example of recent deformation that 
has occurred at Cuesta Ridg e. 
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The late-stage intrusives at Cuesta Ridge display a hypidiomorphic-granular to 
allotriomorphic sub-granular texture. Plagioclase (An -2) (less than 3mm) varies from 
75-85% abundance and is altered to albite in most grains. Pargasitic hornblende is the 
primary mafic phase (10-15% abundance), ranges from euhedral to anhedral, 2-4 mm 
across, and is typically fresh. Clinopyroxene (less than 1mm) is present, but is extremely 
rare ( < 5%). Although no relict olivines were observed, Pike (1974) noted olivine 
psuedomorphs, which would suggest that this is an olivine tholeiite. 
Volcanic Breccia 
The breccia, which seems to be older than ( or contemporaneous with) the chert, 
was previously undocumented at Cuesta Ridge. The breccia may or may not be an 
equiva lent to the Crow Foot Point Breccia, which is found at several locales in the CRO 
(Shervais, 2001), because it contains no ophiolitic detritus. However, the Crow Foot 
Point Breccia varies laterally, and where it is found in the northern Coast Ranges, no 
stratigraphic relationship to the chert has been made. The breccia, which is much more 
rare than the chert, is predominantly found as a fault bounded block s lying above the 
volcanics. Clasts in the breccia have a mean size of 5-10 cm, with extremes varying from 
2-25 cm (Fig. 1 0a-b ). The clasts are predominantly rhyolitic to dacitic , and are 
plagioclase-phyric, similar to the Crow Foot Point Breccia. The breccia is clast 
supported, with a small amount of interstitial volcanic matrix. The breccia is heterolithic 
and is interpreted as being a sedimentary breccia and not an eruptive breccia. 
Figure 10. Field occurrence of volcanic breccia. A. Small dacite clasts in a matrix 
of volcanic debris. B. Close-up view of a rhyo-dacitic clast in a volcanic matrix. 
This breccia is much different in character and is younger than the volcanic 
breccia mentioned earlier. 
Figure 11. Field occurrence of tuff aceous radiolarian chert. A. Bedding in the 
tuffaceous radiolarian chert varies locally from 10-15 cm thick, and is one of the 
few indicators of the original orientation of the ophiolite. B. The chert at Cuesta 
Ridge predominantly outcrops as long linear fins at the top of the ridge which are 
only about 5 m wide. View to southeast from north-central portion of ridge with 
Toro Fm on the left and serpentine to the right. 
Chert 
The ophiolite is directly overlain by a tuffaceous radiolarian chert. Fossil ages 
from the radiolaria have constrained the age of chert formation to late Jurassic or early 
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Cretaceous (Page, 1972; Pessagno , 1993; Murchey and Blake, 1993). The chert has a 
thickness of 5-10 meters ( as opposed to the thickness of Page (1972), over 100 meters), 
and is repeated several times by reverse faulting (Fig. 4). Beds are approximately 15 cm 
thick, and occur as long linear fins at the top of the ridge (Fig. 1 la-b). Pessagno (1993) 
concluded , from radiolarian assemblages, that the chert was early Tithonian to late 
Tithonian in age. 
SEDIMENT ARY UNITS DEPOSITED ON 
OPHIOLITE BASEMENT 
Toro Formation. The Toro Format ion disconformably overlies the Cuesta Ridge 
ophiolite remnant , and is equivalent to the lower GVS (e.g., Knoxville Formation in 
northern California) (Page, 1972). The Toro Formation is a thinly-bedded, black shale 
(3-9 cm thick beds) , with small lenses of pebble conglomerate. It is exposed on the 
northeastern side of the ridge and in the Cerro Alto area, but rarely forms outcrops. Page 
(1972) reported fossil ages on the basis of Buchia keyserlingi (Valanginian), Buchia 
pacifica (Valanginian), Buchia uncitoides (Berriasian), and Buchia elderensis, indicating 
deposition shortly after ophioiite formation. The Toro is severely deformed internally 
(Fig. 12), and appears to have large (1 km wavelength) but poorly developed folds 
Figure 12. The Toro Formation in the Cuesta Ridge area has 3-9 cm thick 
bedding and rarely outcrops. The Toro Formation is severely folded and 
faulted at Cuesta Ridge from Neogene age thrust faulting. 
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trending NW-SE. The Toro is unconformably overlain by late Cretaceous upper GVS 
and by the Oligocene Vaqueros Formation. 
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Upper Cretaceous Great Valley Series. Upper Cretaceous Great Valley-type 
sandstones overlie the Toro Formation unconformably (Page, 1972). They consist of 
massive sandstone and conglomerate with 10-12 cm clasts. The sandstones rarely display 
bedding or imbricated clasts, and are exposed on hilltops and in stream valleys. The 
distinct lack of internal stratigraphy within the GVS is most likely a product of poor 
exposure and limited outcrops since most of the GVS contains well-bedded sandstones. 
The sandstone and the matrix of the conglomerate contain abundant plagioclase. Page 
(1972) reported arkosic sandstones, mudstones, and lenticular conglomerate beds. The 
conglomerate is reported to have rounded pebbles of granite and quartzite. The sandstone 
has Franciscan detritus, which suggests deposition away from its current location (Page , 
1972). 
Vaqueros Formation. The Oligocene Vaqueros Formation (Schenck, 1935) 
crops out northeast of Cuesta Ridge , forming small resistant hilltops . It is predominantly 
a yellow arkosic sandstone that is composed of fine-medium grain quartz and feldspar, 
and it has massive bedding. The Vaqueros Formation overlies the Toro Formation 
unconformably , and is typically preserved in synclinal cores (Fig. 4). 
Franciscan Complex 
The Franciscan complex crops out south of Cuesta Ridge and underlies most of 
the Los Osos Valley. It consists of a chaotica lly sheared shale-matrix melange that host 
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knockers of chert, greywacke, and long semi-continuous belts of both sheared and 
massive serpentine. Chert knockers are abundant. They are typically small (1-10 meter) 
and reddish in color. The Franciscan cherts are very well-bedded (10-15 cm thick), 
however, they are severely deformed. Greywacke knockers are less common in the 
Cuesta Ridge area than the chert and serpentinite knockers. The greywackes are typically 
a dark gray in color and rarely outcrop. The greywackes are typically composed of arc-
derived (?) sediments that vary from sand to coarse sand in size. Both sheared and 
massive serpentine in the Franciscan Complex is typically expressed as long, linear, 
continuous belts that are expressed as topographically high ridges. The serpentinites are 
typically dark-green to black in color, have a definite fabric, and have occasional relict 
olivine and pyroxene. 
SEDIMENTARY UNITS DEPOSITED 
ON FRANCISCAN BASEMENT 
Monterey Formation. The Miocene Monterey Formation is a porcelainous 
white shale unit that is found to the southwest of Cuesta Ridge and it is unconformably 
deposited on Franciscan basement. The Monterrey Formation is typically very well-
bedded (10-15 cm thick). The Monterrey Formation locally contains zones oflimestone-
rich beds that are 20-30 cm thick. Much of the upper 30 m of the Monterrey Formation is 
brecciated where it is overlain by a large Pliocene(?) submarine fan deposit. 
Channel Fill Sandstone. A channel-fill sandstone that cuts the Monterrey 
Formation consists of massive sandstones and siltstones, and it has a basal pebble 
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conglomerate. The pebble conglomerate is matrix supported and contains numerous 
fossils. The unit grades upward into the sandstone and then siltstone, and has a 
maximum thickness of approximately 30 m. This unit is assumed to be Pliocene in age, 
because of similar stratigraphic relationships and sedimentary features that are found in 
other areas in central California. 
Submarine Fan Deposit. The southwest flank of Cuesta Ridge is covered by 
a large submarine fan deposit, which has a map area of 8 km wide and 2.2 km long (Fig. 
3). Cross-sections A-A 1 and B-B 1 (Fig. 4) show that the submarine fan has a maximum 
thickness of 400 meters in its southernmost reaches, and a thickness of 245 meters in the 
north. It is currently unclear whether the thinning to the northwest is a product of 
differential deposition or structural truncation. The deposit consists of serpentinized 
harzburgite clasts with the lower 10 m containing clasts of Monterey Formation. The 
matrix mainly consists of silt-sand sized grains of crushed harzburgites with minor 
amounts of other lithic fragments of ophiolitic material. This suggests that the deposit 
was shed off of the exposed mantle section of the Cuesta Ridge ophiolite remnant. 
The fan deposit displays no definite internal stratigraphy, however, large blocks 
often appear to show a weak preferential alignment, which may represent bedding . Also, 
the deposit shows little or no size grading of clasts up section. The deposit is mainly clast 
supported with a fine-grained interstitial matrix . The clasts are generally 15-40 cm in 
size, with some larger blocks reaching a long axis length of 12 meters. The deposit has a 
uniform composition except for the lower 10 m, which has clasts of Monterey Formation. 
METHODS 
CHAPTER III 
WHOLE-ROCK CHEMISTRY 
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Seventy-seven samples from the Cuesta Ridge ophiolite remnant were analyzed 
for major and trace elements via x-ray fluorescence spectrometry. Analyses were 
performed with a Philips PW 2400 XRF. Major and trace element data were obtained 
from pressed powder samples prepared with a 2% polyvinyl alcohol solution. Loss on 
Ignition (LOI) was performed by heating 2-3 grams of sample for three or more hours at 
950 C. Machine calibration was performed using pressed powder standards from the 
USGS that were prepared with seven grams of unignited material (Standards listed in 
Appendix B). Lower limits of detection (LLD) are shown in Appendix C. All values 
given have been normalized to one hundred percent by weight, anhydrous. In the 
following chapters, I have reported FeO* for several analyses . This is referring to the 
total analyzed iron reported as Fe2+. 
Samples for analysis were selected based on the following criteria both in the 
field and laboratory . The first criterion , performed in the field , was to collect fresh, 
representative samples of each suite. To determine freshness in the field properties such 
as fracturing , vesicle filling , and general appearance were used. To further sort samples 
in the laboratory , samples from each suite were more carefully analyzed using the 
previous qualities, as well as removing pieces of crushed samples that were largely 
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altered or had vesicle filling that would have been misrepresentative of original 
chemistry. Post-analysis data reduction was minimal and was primarily performed only 
when severe hydrothermal enrichment seemed obvious. 
Harzburgite 
Major Element Chemistry. Five harzburgites were analyzed for major and 
trace elements ( compositions shown in Table 2). The mantle tectonites show little 
variation with SiO2 contents restricted from 46-48%, FeO* 7.2-8.7%, and MgO 44-45%. 
The AhO 3 and TiO2 are low (less than 0.50% and 0.03%, respectively), which is typical 
for mantle material. The CaO, Na2O, and K2O are not present in detectable abundances . 
Trace Element Chemistry. The results of the trace-element chemical analyses 
of the harzburgites are also shown in Table 2. The Cr contents ranged from 1400-2400 
ppm , which is what is expected for rocks rich in Cr-spinel. Ni contents ranged from 
2600-3200 ppm, which is slightly higher than most harzburgites, but is not atypical for 
mantle rocks (Shervais and Mukasa, 1991). Sc, Y, Zr, and Nb contents are all 
characteristically low (less than 7 ppm). 
Wehrlite 
Major Element Chemistry. Seven wehrlites were analyzed for major and trace 
elements (compositions shown in Table 3). The wehrlites had a SiO2 range of 
approximately 45.5-50% except for sample CR 99-1, which has 43% SiO2 (the result of 
Table 2. Whole-rock geochemistry of mantle tectonite analyzed by x-ray fluorescence. 
Major elements normalized to 100% anhydrous. 
Sample CR 114-3 CR 12-1 CR 90-1 CR 91-1 CR 92-1 
SiO2 47.32 47.78 46.08 46.50 46.89 
TiO2 0.01 0.03 0.03 0.01 0.01 
Al2O3 0.21 0.54 0.50 0.19 0.21 
FeO* 7.16 7.52 8.71 8.52 8.51 
MnO 0.06 0.08 0.09 0.14 0.14 
MgO 45 .23 44.05 44.57 44.64 44.23 
CaO 0.00 0.00 0.00 0.00 0.00 
Na2O 0.00 0.00 0.00 0.00 0.00 
K2O 0.00 0.00 0.00 0.00 0.00 
P2O5 0.01 0.00 0.01 0.01 0.01 
LOI 12.14 12.07 12.14 13.48 13.62 
Nb 1.1 0.9 0.5 0.2 
Zr 1 1 2 1 
y 2 1 2 1 2 
Sr 0 1 1 4 6 
Rb 0 0 0 0 0 
Sc 3 1.2 8.5 2.8 2.9 
V 11 18 27 8 7 
Cr 2418 1952 1609 1700 1399 
Ni 3214 2732 2618 2771 2700 
Cu 13 4 43 1 1 
Zn 34 34 32 43 37 
Ba 0 20 10 0 0 
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Table 3. Whole-rock geochemistry of wehrlitic suite analyzed by x-ray fluorescence. 
Major elements normaliz ed to 100% anhydrous. 
Sample CR 09-2 CR 10-1 CR 114-2 CR 88-2 CR 89-2 CR 90-4 CR 99-1 
SiO2 45 .71 45 .70 45 .56 48 .55 50 .19 46 .84 42.76 
TiO2 0.20 0.19 0.17 0.30 0.13 0.14 0.08 
Al2O3 4.41 3.82 1.51 3.51 2 .70 2.12 2.53 
FeO* 10.42 10.32 9.79 8.66 8.91 8.38 10.75 
MnO 0.18 0.18 0.18 0.16 0.17 0.15 0.15 
MgO 30.48 31.35 33.96 26.41 32.15 36 .21 40.75 
Cao 8.27 8.16 8.69 11.88 5.71 6.03 2.95 
Na2O 0.27 0.23 0.10 0.42 0.03 0.09 0.01 
K.2O 0.04 0.03 0.02 0.07 0.00 0.02 0.00 
P2O5 0.02 0.02 0.01 0.03 0.01 0.01 0.01 
LOI 3.68 3.94 4.54 1.62 4 .20 4 .94 8.26 
Mg# 83.91 84.41 86.08 84.46 86 .54 88.51 87.10 
Nb 1.1 0.8 0.9 1 1 0.9 1.1 
Zr 10 9 8 15 4 7 4 
y 7 7 7 8 5 5 2 
Sr 52 44 19 35 13 15 11 
Rb 0 0 0 0 0 1 
Sc 27 29 .9 24.7 39.8 24 .2 21 .9 13.7 
V 123 118 102 177 99 86 57 
Cr 1817 1906 1894 1463 2612 1969 1771 
Ni 940 983 1010 775 1356 1476 1423 
Cu 7 18 9 8 5 2 4 
Zn 65 63 50 49 54 44 53 
Ba 21 3 9 78 0 9 4 
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higher olivine abundance). The TiO2 and AhO 3 are typical for ultramafic rocks 
(approximately 0.08-0.30% and 1.5-4.4% respectively). FeO* and MgO contents show 
some variation with abundances of8.4-10.8% and 26-41%, respectively , which are 
typical for wehrlites (Koga et al., 2001). CaO content varied from 3.0-11.9% and seems 
to increase with clinopyrox ene content. Na2O, K2O, and P2O5 are low, as would be 
expected for rocks with this mineralogic assemblage ( olivine, orthopyroxene, and 
clinopyroxene ). 
Trace Element Chemistry. The trace-element chemistry for the wehrlites (Table 
3) is moderately consistent within the suite. Cr and Ni abundances are high (1500-2600 
ppm and 800-1600 ppm, respectively). Rb, Y, Zr, and Nb abundances are low (but not 
atypical), with Sr, Sc, and V abundances moderately higher than in the mantle tectonite. 
Gabbro 
Major Element Chemistry. Five gabbros were analyzed for major and trace 
elements (compositions shown in Table 4). SiO2 ranges from 48-55%, TiO2 values are 
moderate to high (0.9-1.7%) . AbO 3 shows little variation with ranges from 12.5-14%. 
FeO* and MgO are high with ranges from 10-12.6% and 5.7-10% and roughly increase 
with decreasing SiO2. CaO abundances vary from 5.3-12.1 % and Na2O ranges from 2.9-
5.9% (likely related to the albitization of plagioclase). K2O and P2O5 are low to moderate 
with little variation. 
Table 4. Whole-rock geochemistry of gabbros analyzed by x-ray fluorescence. 
Major elements normalized to 100% anhydrous. 
Sample CR 08-1 CR 20-1 CR 21-1 CR 22-1 CR 49-1 
SiO2 53.32 54 .87 47 .76 50.74 52 .83 
TiO2 1.28 1.67 1.57 1.31 0.93 
Al2O3 13.63 13.97 14.20 14.29 12.47 
FeO* 11.70 11.66 12.56 11.60 10.17 
MnO 0.17 0.16 0.23 0.21 0.19 
MgO 8.47 6.15 5.76 8.84 9.97 
Cao 6.36 5.26 12.10 8.10 9.21 
Na2O 4.59 5.93 5.13 4.10 2 .86 
K2O 0.29 0.03 0.46 0.51 1.22 
P2O5 0.20 0.30 0.23 0.30 0.16 
LOI 1.87 3.97 4.71 4.29 1.33 
Mg# 56.32 48.42 44.95 57.58 63.58 
Nb 1.6 5.8 3.5 4.8 0 
Zr 103 131 107 136 106 
y 37 43 39 45 33 
Sr 472 47 286 342 1176 
Rb 5 0 9 17 20 
Sc 27 16.2 23.3 25.1 34.2 
V 374 298 404 285 323 
Cr 33 28 25 71 61 
Ni 21 2 22 24 54 
Cu 4 8 78 47 83 
Zn 32 60 67 69 69 
Ba 68 39 69 131 5634 
42 
43 
Trace Element Chemistry. The gabbros are more evolved than the wehrlites 
on the basis of significantly higher Sr, Rb, and V abundances. The Cr and Ni are also 
significantly lower than in the wehrlites, which may suggest that the gabbros are from a 
less depleted melt or that they are unrelated. 
Volcanic Rocks 
Major Element Chemistry. Twenty-one samples of the volcanic rocks from 
Cuesta Ridge and Cerro Alto peak were analyzed for major and trace element chemistry 
( compositions shown in Table 5). The volcanic rocks seem best divided into three major 
groups: 1) boninitic volcanics, 2) calc-alkaline volcanics, and 3) MORB-like volcanics. 
The boninitic volcanics are located throughout the volcanic section, but seem to 
be concentrated in the basal volcanics and lower brecciated volcanic member. The 
boninitic volcanics are characterized by their high MgO content, which ranges from 10.9-
14.5%. The boninitic volcanics have SiO2 ranges from 47.5-59 .0% and FeO* ranges 
from 6.3-13.9%. The CaO ranges from 0.1-10.3%, with the exception of sample CR 43-1 
that has 17.8% CaO (likely a product of calcite filling vesicles). K2O, Ti 02 , and P2Os are 
low which is expected for lavas this primitive (Cameron et al. , 1979; Cameron et al., 
1983). 
The MORB-like volcanics are concentrated in the uppermost 10 m of the 
volcanics and in the Cerro Alto peak area. The MORB lavas have SiO2 contents range 
from 50.5-60.3% with most being from 50.5-52.5%. The TiO2 abundance varies from 
Table 5. Whole-rock geochemistry of volcanic rocks analyzed by x-ray fluorescence. 
Major elements are normalized to 100% anhydrous. 
Sample CR 29-1 CR 29-2 CR 30-1 CR 38-2 CR 41-3 CR 66-1 CR 03-2 CR 04-1 CR 40-1 
Suite Arc Arc Arc Arc Arc Arc Boninite Boninite Boninite 
SiO2 50.43 51.43 60.33 55.10 53.04 60.86 54.67 52.93 54.14 
TiO2 0.66 0.69 0.51 0.69 0.77 0.67 0.44 0.55 0.57 
Al2O3 13.64 15.68 14.91 14.20 14.15 18.09 11.14 10.63 15.58 
FeO* 7.10 7.89 5.26 8.56 8.42 7.11 9.21 10.20 9.05 
MnO 0.11 0.11 0.18 0.11 0.17 0.07 0.19 0.25 0.20 
MgO 6.97 9.15 7.47 9.69 9.61 7.78 12.66 14.15 11.89 
CaO 15.44 9.49 5.21 6.94 8.89 0.17 7.90 8.51 4 .50 
Na2O 5.50 5.39 5.90 4.55 4.80 4.80 3.71 2.53 3.93 
K2O 0.03 0.09 0.03 0.04 0.02 0.41 0.04 0.13 0.05 
P2O5 0.12 0.09 0.21 0.13 0.13 0.03 0.05 0.11 0.11 
LOI 5.98 4.81 4.69 4.80 5.61 4.61 1.81 2.44 5.82 
Mg# 63.62 67.39 71.69 66.86 67 .03 66.12 71.01 71.19 70.07 
Nb 1.8 1.1 3.5 1.8 1.8 1.7 1 1 1.4 
Zr 51 69 83 45 61 47 32 33 46 
y 18 20 15 16 22 14 12 13 16 
Sr 218 557 238 150 214 58 153 184 37 
Rb 1 0 0 0 5 1 1 
Sc 27.3 27.5 17.2 26.5 25 .2 23.4 39.7 40 .3 29.4 
V 244 231 132 247 215 259 218 241 259 
Cr 195 206 154 131 72 17 307 348 135 
Ni 147 168 123 34 22 4 71 167 33 
Cu 12 12 0 307 1 90 3 1220 52 
Zn 31 59 44 50 66 25 63 49 97 
Ba 82 203 60 90 25 83 31 57 26 
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Table 5. (continued) 
Sample CR 42-1 CR 43-1 CR 46-1 CR 64-2 CR 68-1 CR 79-1 CR 07-2 CR 11-2 CR 30-2 
Suite Boninite Boninite Boninite Boninite Boninite Boninite MORB MORB MORB 
SiO2 47.55 54.57 50.68 59.24 48.32 49.32 57.75 50.49 52.45 
TiO2 0.85 0.66 0.92 0.60 0.48 0.90 1.01 1.16 1.86 
Al2O3 14.36 14.04 13.64 17.28 9.87 14.49 15.57 13.09 13.18 
FeO* 9.22 6.28 11.16 6.80 8.67 13.85 14.37 10.26 9.51 
MnO 0.19 0.11 0.22 0.12 0.23 0.14 0.06 0.17 0.18 
MgO 14.46 12.33 13.02 12.21 12.63 10.90 5.11 8.59 5.44 
cao 9.61 8.08 8.26 0.14 17.92 10.30 1.71 13.10 11.37 
Na2O 3.60 3.81 1.92 2.67 1.80 0.00 3.77 2.93 5.73 
K2O 0.01 0.03 0.03 0.87 0.02 0.00 0.18 0.09 0.08 
P2O5 0.14 0.08 0.15 0.08 0.06 0.08 0.48 0.12 0.22 
LOI 8.16 6.99 3.34 4.05 11.86 2.80 2.64 2.14 4.76 
Mg# 73.65 77.78 67.52 76.19 72.20 58.39 38.77 59.88 50.49 
Nb 2 1.9 0.6 2.3 0.8 1.7 2.7 1.5 4.6 
Zr 61 51 68 54 29 61 106 70 117 
y 23 18 25 17 13 23 37 26 37 
Sr 77 69 330 50 40 373 168 320 134 
Rb 0 0 13 2 0 2 1 4 
Sc 23.6 21.4 24.2 22.4 44 23.1 15 33.5 27.2 
V 231 182 352 259 261 263 64 337 342 
Cr 131 438 171 108 512 49 8 67 63 
Ni 43 171 83 31 72 30 0 48 25 
Cu 6 7 658 34 26 148 2 33 45 
Zn 67 44 48 65 70 16 7 33 83 
Ba 126 44 15 281 32 3 39 663 68 
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Table 5. ( continued) 
Sample CR 32-1 CR 33-1 CR 73-3 
Suite MORB MORB MORB 
SiO2 51.06 51.51 51.60 
TiO2 2.42 2.02 2.22 
Al2O3 12.70 13.26 13.69 
FeO* 10.76 11.11 11.44 
MnO 0.33 0.30 0.24 
MgO 5.54 4.21 6.35 
Cao 11.83 11.87 9.01 
Na2O 5.08 5.42 5.17 
K2O 0.01 0.09 0.01 
P2O5 0.26 0.22 0.26 
LOI 7.89 8.05 5.52 
Mg# 47 .84 40.31 49.71 
Nb 4.9 4.6 5.5 
Zr 131 130 133 
y 47 42 46 
Sr 57 180 56 
Rb 0 4 
Sc 31.8 31.5 31.1 
V 434 329 453 
Cr 59 109 34 
Ni 15 25 10 
Cu 46 21 31 
Zn 131 60 108 
Ba 12 112 34 
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0.5-2.4% with most being above 1 %, which is characteristic of MORB lavas (Pearce 
and Cann, 1973). AhO 3 content shows little variation with ranges from 12.7-15.6%. 
FeO* and CaO are variable with ranges from 5.3-14.4% and 1.7-13.1 %, respectively. 
K2O and P2O5 abundances are low, but characteristic of MORB lavas (Floyd , 1989). The 
calc-alkaline lavas are distributed throughout the section, but seem to be below the 
MORB lavas stratigraphically. The calc-alkaline volcanics have SiO2 ranges from 50.5-
60.9%, low TiO 2 abundances (0.6-0 .7% typically), and AhO 3 values from 13.7-18.1 %. 
FeO* and MgO values are from 7.1-8.6% and 7.0-9. 7% respectively. CaO contents are 
again highly variable with ranges form 0.2-15.4% . 
Trace Element Chemistry . Trace-element discrimination plots aid in 
distinguishing the boninitic , MORB , and calc-alkaline volcanics as shown by Zr/Y-Y , Ti-
Zr, Cr-Y, Ti-V , Ni-SiO 2, and Cr-SiO 2 diagrams (after Pearce and Cann, 1973; Shervais , 
1982) . Ti-V (Fig. 13) and Zr/Y-Y (Fig. 14) discrimination diagrams show that most of 
the volcanics have either arc or MORB affinities. Stratigraphic analysis of where these 
samples are within the section indicate that most of the MORB lavas are concentrated in 
the uppermost 10 m of the volcanics , suggesting they formed latest. The more arc-like 
lavas are representative of the pillow lavas , lower brecciated volcanic member , and basal 
volcanics. Cr-Y diagrams (Fig. 15) also support this conclusion; however , there is a 
concentration of data near the MO RB/IA T boundary that can make interpretations 
unclear. Ti-Zr discrimination diagrams (Fig. 16) show that the samples without a 
MORB-affinity are divided between island arc tholeiites and calc-alkaline basalts , 
r 
600 
500 
400 
-E 
a. 300 a. 
-> 
200 
100 
0 
MORB 
.6. volcanics 
0 late dikes 
0 5000 10000 15000 20000 
Ti (ppm) 
Figure 13. Ti vs. V for volcanics and late-stage dikes. Samples outlined 
in black show samples that fall within arc and MORB fields on other 
diagrams. Discrimination lines between MORB and arc from Shervais, 
1982. 
48 
10 
1 
10 
A 
IAT 
100 
Zr (ppm) 
MORB 
WPB 
A volcanics 
o late dikes 
1000 
Figure 14. Zr/Y vs. Zr plot for volcanics and late-stage dikes. Diagram 
shows that most samples either fall within the IAT (island arc tholeiite) or 
MORB fields. Few samples fall within WPB (within plate basalt) field. 
Fields for IAT, MORB, and, WPB are based on those of Pearce and Cann, 
1973. 
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Figure 15. Cr vs. Y plot for volcanics and late-stage dikes. Area outlined 
in black shows samples that plot within the MORD field based on other 
criteria. Island arc tholeiite (IAT) and MORD fields based on those of 
Pearce and Cann, 1973. 
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Figure 16. Ti vs. Zr for volcanics and late-stage dikes. Discrimination 
diagram, after Pearce and Cann (1973), showing distinct MORD, CAB 
(calc-alkaline basalt), and IAT (island arc tholeiite) affinities within the 
volcanics and late-stage dikes. 
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however , discriminating between the two on the basis of field occurrence does not 
show any definitive trends. The boninitic lavas have relatively elevated Cr and Ni (Fig. 
17 and Fig . 18) contents relative to the MORB and calc-alkaline volcanics; however , 
there is scatter in the data again. 
Diorite 
Major Element Chemistry. Nine diorites , from the sheeted dike and sill 
complex, were analyzed for major and trace element chemistry ( compositions shown in 
Table 6). The diorites have SiO2 ranges from 53-74.5%, with most having more than 
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61 % SiO2, which is expected because of the high modal quartz content (up to 20%). 
AhO 3 contents vary between 14.2-16.9%. Na2O contents have a range of 2.3-6.6% , with 
higher values being possibly attributable to plagioclase albitization . FeO* and MgO are 
low (1.5-6.7% and 1.0-4.7%, respectively) except in samples CR 07-1 and CR 78-2 
which possibly represent the earliest intrusions of the diorite or the assimilation of 
volcanic material. TiO2 and K2O values are low with abundances below 0.85%. 
Trace Element Chemistry . The abundances of Cr, Ni , Cu, and Zn are much 
lower while Rb and Sr are higher relative to other lithologies at Cuesta Ridge . This 
would indicate that they formed from an evolved magma source or are unrelated to other 
units at Cuesta Ridge . 
Table 6. Whole-rock geochemistry of diorite complex analyzed by x-ray fluorescence. 
Major elements normalized to 100% anhydrous. 
Sample CR 06-1 CR 07-1 CR 78-2 CR 80-1 CR 82-1 CR 84-4 CR 85-1 CR 87-1 CR 98-2 
SiO2 70.20 53.14 52.69 72.85 74.46 69.01 69.59 68.52 61 .07 
TiO2 0.47 0.37 0.38 0.58 0.50 0.61 0.59 0.84 0.85 
Al2O3 15.59 16.89 16.79 14.16 14.24 15.05 15.51 14.53 15.99 
FeO* 3.40 6.41 6.53 1.83 1.47 3.73 3.47 3.19 6.67 
MnO 0.03 0.15 0.15 0.04 0.02 0.05 0.05 0.05 0.10 
MgO 1.51 9.74 10.05 1.21 1.01 2 .16 2.19 2.20 4.67 
Cao 3.32 10.51 10.66 2.19 2.16 2.72 2.87 4.12 6.34 
Na2O 4 .87 2.29 2.26 6.56 5.61 6.19 5.02 5.35 3.85 
K2O 0.42 0.44 0.44 0.43 0.41 0.24 0.49 0.83 0.25 
P2O5 0.18 0.06 0.06 0.16 0.11 0.23 0.23 0.35 0.22 
LOI 0.98 1.41 1.21 0.77 0.81 1.25 1.20 0.99 1.24 
Mg# 44 .16 73.02 73.28 54.18 55.11 50.77 52.88 55.17 55.48 
Nb 3 1.1 1.4 3.2 5.1 3.3 3.2 3.5 2.1 
Zr 106 40 39 117 153 119 123 124 111 
y 30 13 13 22 27 29 28 38 44 
Sr 422 342 339 420 352 317 421 365 415 
Rb 4 4 5 5 3 2 6 10 2 
Sc 13.5 37.7 33.4 12.5 6 7.9 15.8 14.8 24.5 
V 13 174 185 57 40 44 59 50 221 
Cr 0 32 34 26 28 18 30 5 51 
Ni 0 45 44 0 2 0 1 1 11 
Cu 0 3 1 0 0 0 339 0 1 
Zn 4 25 28 5 2 4 4 5 21 
Ba 118 127 132 74 101 94 167 220 81 
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Table 7. Whole-rock geochemistry of late-stage dikes analy zed by x-ray fluorescence . 
Major elements normalized to 100% anhydrous. 
Sample CR 07-3 CR 100-1 CR 100-2 CR 10-2 CR 10-3 CR 75-1 CR 76-1 CR 81-2 CR82-2 
SiO2 50 .01 45 .14 47.17 52. 18 51.63 55.49 51.63 49.45 55.01 
TiO2 1.39 1.17 1.67 0.73 0.54 1.59 0.54 1.29 1.76 
Al2O3 14.41 12.93 15.14 13.99 12.56 14.55 12.56 14.94 13.77 
FeO* 12.88 11.20 13.61 8.61 10.08 10.91 10.08 4 .18 8.90 
MnO 0.24 0.20 0.21 0.15 0.22 0.14 0.22 0.06 0.17 
MgO 12.27 11.83 7.02 8.66 11.97 6.93 11.97 12.93 5.04 
Cao 5.16 16.43 11.81 12.24 10.35 4.49 10.35 15.62 9.13 
Na2O 3.36 0.88 2.84 3.14 2 .38 5.38 2.38 1.29 5.90 
K2O 0.11 0.07 0.24 0.20 0.21 0.17 0.21 0.05 0.10 
P2O5 0.17 0.14 0.29 0.09 0.07 0.37 0.07 0.20 0.22 
LOI 3.69 3.20 1.06 2.52 3.55 4 .81 3.55 2 .57 3.71 
Mg# 62.93 65.31 47.91 64.20 67 .92 53.08 67 .92 84.65 50 .21 
Nb 1.7 0.8 0 1.9 0.7 5.3 4.6 1.5 2.5 
Zr 80 40 80 61 70 134 121 42 87 
y 30 25 39 22 24 41 40 18 21 
Sr 279 231 643 312 888 172 164 151 226 
Rb 2 1 2 2 4 5 5 2 4 
Sc 19.8 38.2 34.1 34.5 34 .1 20.7 30.9 21 .7 14 
V 371 376 512 259 284 326 336 193 187 
Cr 86 142 35 42 178 26 186 280 29 
Ni 32 72 18 44 64 14 27 136 23 
Cu 24 78 77 9 51 55 40 798 2856 
Zn 20 75 85 38 38 82 73 76 25 
Ba 5 1087 5510 926 768 43 73 33 68 
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Table 7. (continued) 
Sample CR 82-2 CR 82-3 CR 84-6 CR 85-3 CR 87-2 CR 90-2 CR 98-1 CR 98-3 CR 99-3 
SiO2 53.98 54.31 53.61 58.67 53.93 48 .90 52.65 51.53 57.19 
TiO2 0.53 0.45 0.79 0.53 0.43 1.49 1.16 0.98 1.20 
Al2O3 16.94 17.27 15.16 16.46 12.49 14.68 13.84 13.73 14.43 
FeO* 13.39 12.85 12.88 10.72 9.21 13.27 10.93 9.59 9.45 
MnO 0.19 0.19 0.18 0.07 0.14 0.21 0.17 0.17 0.08 
MgO 9.85 9.87 9.84 6.74 13.52 8.84 8.98 10.06 5.92 
Cao 1.14 1.24 3.63 2.08 7.29 8.48 8.21 10.90 5.56 
Na2O 3.61 3.38 3.66 4.19 2.13 3.83 3.67 2.65 5.98 
K2O 0.23 0.31 0.11 0.35 0.79 0.00 0.25 0.25 0.02 
P2O5 0.14 0.12 0.15 0.19 0.06 0.30 0.13 0.14 0.18 
LOI 4.05 4.37 3.06 2.81 2.44 3.00 2 .01 1.73 2.54 
Mg# 56.73 57.78 57.65 52.84 72 .35 54.29 59.40 65.17 52.77 
Nb 2.5 2.3 2.9 1.9 1.8 3.3 1.8 2.4 2.4 
Zr 87 84 83 75 47 98 90 81 85 
y 21 23 28 19 14 37 33 28 29 
Sr 226 263 282 402 239 105 362 343 44 
Rb 4 5 2 5 13 0 3 5 0 
Sc 14 15 19.9 18 32.4 22.8 32.4 34.7 25.3 
V 187 198 249 236 246 325 342 257 257 
Cr 29 30 37 11 430 55 36 80 15 
Ni 23 24 18 8 164 65 39 53 17 
Cu 2856 2009 5 2 4 60 5 70 4 
Zn 25 26 20 11 22 91 31 59 12 
Ba 68 86 33 108 429 83 103 257 19 
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Late-stage Intrusives 
Major Element Chemistry. Eighteen late-stage dikes and feeders were analyzed for 
major and trace element chemistry (composi tions shown in Table 7). The late-stage dikes 
can also be divided into MORB-like dikes, boninitic dikes , and calc-alkaline dikes. 
The MORB-affinity intrusives have SiO2 contents of 47.2-57.2%, AbO 3 13.7-
15.1 %, and MgO contents 5.0-12.3%. The TiO2 is high with abundances greater than 
1.0%, which is characteristic of MORB lavas (Pearce and Cann , 1973). High FeO* 
contents are typical , with ranges of 4.2-13 .3%. CaO is highly variable with ranges from 
4.5-15 .6%. Na2O has abundances of 1.3-6.0%. K2Oand P2O5 as is common with respect 
to most MORB lavas (Floyd, 1989). 
The boninites, though much more rare, are similar to those in the volcanics , with 
MgO abundanc es of 11.0-18.4%. The boninitic lavas have SiO2 ranges of 45.1-53 .9%, 
AbO 3 of 12.5-14.9% , and FeO* 9.2-13.0%. The TiO 2 is generally lower than in the 
MORB lavas. Na2O, K2O, and P2O5 are variable, but are continuously low. 
The calc-alkaline intrusives are higher in SiO2 (52.2-58.7%) and AbO 3 (14.0-
17.3%), and lower in TiO2 (typically less than 0.8%) relative to the MORB lavas. FeO* 
values are consistently high with values of 8.6-13.4%. Na2O is higher than in the other 
suites with abundances of 3.1-4.2%. K2O and P2O5 are low, and have a tight range of 
abundances. 
Trace Element Chemistry. Trace-elements aid in distinguishing between 
MORB and non-MORB lavas more than major-elements. Ti-V discrimination diagrams 
(Fig. 13) show that most of the late-stage intrusives have MORB affinities with few 
falling into the arc related field (Pearce and Cann, 1973). ZR/Y- Y discrimination 
diagrams (Fig. 14) also show strong evidence for most of the late-stage lavas being 
MORB (Pearce and Cann, 1973). The Cr-Y and Ti-Zr (Fig. 15 and Fig . 16) 
discrimination diagrams do not show a strong trend supporting or refuting the MORB 
nature of the late-stage intrusives. 
Tuffaceous Radiolarian Cherts 
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Twelve tuffaceous radiolarian cherts were analyzed for major-element chemistry 
(results shown in Table 8). The cherts have an ash component that is shown graphically 
by plotting SiO2 vs. AhO 3 (Fig. 19). The cherts at Cuesta Ridge are more tuffaceous than 
those in the Franciscan complex, but less tuffaceous than those at other CRO locales 
(e.g., Del Puerto Canyon) (Hopson et al., 1981). The cherts have high abundances of 
FeO* and MnO (2.0-7.0% and 0.01-1.30%, respectively), which is likely due to later 
hydrothermal enrichment 
DISCUSSION 
Si0 2 Variation Diagrams 
The felsic plutonic suites and volcanics and late-stage dikes were plotted on SiO2 
variation diagrams to establish any relationships that might exist between the two (Figs. 
20-26 and Figs. 27-32, respect ively). Felsic plutonic suites are defined as those that have 
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hornblende , not pyroxene , as the primary mafic phase (the gabbros and diorites). The 
diorites show a calc-alkaline trend for FeO*, MgO, CaO, and Na 20 (Figs. 22-25). The 
gabbros show a more tholeiitic trend that is opposite that of the diorites (Figs. 22-24 and 
Fig. 26). This suggests that the diorites and the gabbros are not genetically related. 
The volcanic suite was plotted as (1) boninite, (2) MORB-like, and (3) other, which will 
hereafter be referred to as group one, group two , and group three for the remainder of the 
chapter. The late-stage dikes were plotted against these three groups in order to establish 
if they represented the same liquid composition as any of the above. The late-stage dikes 
displayed two distinct trends, one that mimicked the MO RB-like volcanics, and another 
that was similar to the boninitic volcanics (Figs. 27-32). This suggest that the MORB-
like volcanics and the late-stage dikes are from the same source, but are distinct from the 
rest of the volcanics, and that the more boninitic late-stage dikes are a product of 
assimilating boninitic volcanics or are a primary boninitic liquid. The group three 
volcanics show two different trends: a tholeiitic trend and a calc-alkaline trend (Figs . 27-
32). These trends are opposite each other and suggest two different magmas. The 
tholeiitic and calc-alkaline trends are very similar to those of the gab bros and diorites 
respecti vely. Furthermore , the composition of the two is also very similar, suggesting 
that the tholeiitic volcanics and the gabbros are related and that the calc-alkaline 
volcanics and the diorites are related. 
Table 8. Whole-rock chemistry of radiolarian cherts analyzed by x-ray fluorescence. 
Major elements normalized to 100%. 
Sample CR 36-1 CR 31-1 CR 63-1 CR 26-1 CR 54-3 CR 27-2 
SiO2 83.05 82.93 79.30 81.25 91.73 84.25 
TiO2 0.22 0.25 0.29 0.25 0.00 0.25 
Al2O3 7.73 8.52 10.59 8.58 4.40 6.92 
FeO* 5.28 5.28 5.88 6.96 2.51 5.96 
MnO 0.24 0.17 1.30 0.24 0.01 0.13 
MgO 1.81 1.27 0.45 1.95 0.17 1.99 
CaO 0.10 0.19 0.13 0.00 0.00 0.05 
Na2O 0.86 0.33 0.42 0.00 0.68 0.00 
K2O 0.66 0.87 1.41 0.62 0.39 0.30 
P2O5 0.06 0.20 0.21 0.15 0.10 0.15 
Sample CR 33-2 CR 52-1 CR 44-1 CR 70-1 CR 25-1 CR 37-1 
SiO2 87.61 80.25 84.19 94.12 84.99 85.88 
TiO2 0.15 0.29 0.23 0.07 0.26 0.19 
Al2O3 7.36 9.46 6.56 2.78 8.14 7.74 
FeO* 2.84 5.31 6.33 2.08 3.90 4.10 
MnO 0.19 0.37 0.34 0.06 0.09 0.17 
MgO 0.73 1.24 1.53 0.43 1.04 0.76 
Cao 0.07 1.00 0.12 0.09 0.08 0.02 
Na2O 0.00 0.79 0.00 0.00 0.00 0.36 
K2O 0.95 1.12 0.60 0.09 1.29 0.65 
P2O5 0.09 0.17 0.10 0.29 0.22 0.12 
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Figure 19. AI203 vs. Si02 for tuffaceous radiolarian cherts. The increase 
in AI203 correlates with an increase ash content. Data for Pt Sal, Stanley 
Mountain, Del Puerto, and Franciscan cherts from Hopson et al., 1981. 
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Ti02 vs. Si02 for felsic plutonic series 
1.8 
D 
1.6 0 diorite 
1.4 D gabbro 
,,....... 1.2 cf. 
1 1 
N 0 
0 0.8 0 0 i= 
0.6 
0.4 
0.2 
45 50 55 60 65 70 75 
SiO2 (wt%) 
Figure 20. TiO2 vs. SiO2 for diorite and gabbro plutonic suites. 
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Figure 21. A1203 vs. Si02 for diorite and gabbro plutonic suites. 
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FeO* vs. Si02 for felsic plutonic suites 
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Figure 22. FeO* vs. Si02 for diorite and gab bro plutonic suites. 
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MgO vs. Si02 for telsic plutonic suites 
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Figure 23. MgO vs. Si02 for diorite and gabbro plutonic suites. 
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Cao vs. Si02 for felsic plutonic suites 
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Figure 24. CaO vs. Si02 for diorite and gabbro plutonic suites. 
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Na20 vs. Si02 for felsic plutonic suites 
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Figure 25. Na20 vs. Si02 for diorite and gabbro plutonic suites. 
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K20 vs. Si02 for felsic plutonic suites 
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Figure 26. K20 vs. Si02 for diorite and gabbro plutonic suites. 
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Figure 27. Ti02 vs. Si02 for volcanics and late-stage dikes. 
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Figure 28. A1203 vs. Si02 for volcanics and late-stage dikes. 
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Figure 29. FeO* vs. Si02 for volcanics and late-stage dikes. 
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Figure 30. MgO vs. Si02 for volcanics and late-stage dikes. 
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Figure 31. CaO vs. Si02 for volcanics and late stage dikes. 
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Magma Modeling 
To establish the interrelationship between the boninite and the wehrlite at Cuesta 
Ridge, Comagmat (Ariskin et al., 1993), a forward modeling program was used. Forward 
modeling has proven to be one of the most powerful tools in modeling the evolution of 
silicate systems (Ariskin et al., 1993). Comagmat was used to simulate fractional 
crystallization of a primitive boninite to determine if it is related to one of the plutonic 
suites ( output in Appendix A). 
The starting composition used was the major and trace element chemistry for 
sample CR 04-1 (shown in Table 5). Orthopyroxene was used for the low-Ca pyroxene 
because it was observed in wehrlite samples, and trace element outputs were designated 
for the refractory liquid component. Pressure was held constant at O kbar because of the 
presence of eruptive volcanics . The buffers were set for an open system oxygen buffer 
(QFM), and the system was assumed to be dry. 
Forward modeling of the primitive boninite yielded crystal fractionation of olivine 
(Fo 81-89) for steps one to twenty-thre e and olivine (Fo 80) clinopyroxene (Wo 41, En 
47-48 , Fs 10-11), and orthopyroxe (Wo 7, En 76, Fs 16-17) for steps twenty-four to 
twenty-eight. These predicted compositions closely mimic the actual pyroxene and 
olivine compositions from the wehrlitic series. This suggests that the wehrlites were 
formed from the crystal fraction that was crystallized from the boninitic magma and that 
the two are genetically related. The residual liquid after the extraction of the crystallizing 
assemblage may represent one of the other suites at Cuesta Ridge, but the relationship is 
not clear. Another possibility is that the remaining liquid was diluted if a large 
quantity of new magma entered the system. 
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METHODS 
CHAPTER IV 
PHASE CHEMISTRY 
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Approximately 100 mineral analyses were performed for using a Cameca SX-50 
electron microprobe (at the University of Utah) to obtain major element chemistry. Data 
was gathered on clinopyroxene (from late-stage intrusives, volcanics , and wehrlites), 
orthopyroxene (from wehrlites) , olivine (from mantle tectonite and wehrlite), plagioclase 
(from diorite and volcanics), and hornblende (from diorite and volcanics). Operating 
conditions for the beam were held at 15 kV and 20 nA. Calibrations were performed for 
each oxide analyzed with standards provided by the USGS and the Smithsonian Institute 
of Science (standards listed in Appendix B). 
Data reduction for phase chemistry was solely performed on the basis of analysis 
quality . Analyses that totaled less than 95% were considered to be of poor quality , and 
were therefore eliminated. Also, analyses that totaled more than 103% were considered 
to be of poor quality , and were also eliminated. The term Mg# as used in this thesis is 
defined by the following equation : Mg#== MgO/40.32/(MgO/40.32+FeO*/71.85)* 100 
(Cox et al., 1979). 
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CHEMISTRY 
Pyroxene Chemistry 
Approximately 60 pyroxene s were analyzed for major elements (results shown in 
Table 9). When plotted on a pyroxene quadrilateral (Fig. 33), two main pyroxene types 
are present: diopside and orthopyroxene. The volcanics contain diopside phenocrysts 
(Mg# 84-89) and the wehrlites contain cumulate diopside (Mg# 86-93) and post-cumulus 
orthopyroxene (Mg# 83-86) . 
Pyroxene phenocrysts in the volcanics fall into two distinctive groups: those from 
arc volcanics and those from MORB-affinity volcanics. Pyroxene from the arc-like 
volcanics is characterized by high Cr2O3 (greater than 0.5%) and Mg# (87-89), and low 
TiO2 (less than 0.3%) (Figs. 34-35). Pyroxene from the MORE-affinity volcanics is 
typically high in TiO2 (greater that 0.3%) and low in Cr2O3 (less than 0.4%) (Figs. 34-
35). The AhO 3 and Na2O in pyroxene from both the arc-like volcanics and MORB-
affinity volcanics are varied and do not show any distinctive trends or groupings in the 
pyroxene . 
Letterier et al. ( 1982) established a set of three discrimination diagrams that are 
useful in determining the origin of the liquid that clinopyroxenes are in equilibrium with. 
Figure 36a shows that all of the clinopyroxenes fall within the subalka line field. Figure 
36b shows that all of the pyroxene s are from orogenic liquids. Figure 36c shows that all 
of the pyroxenes analyzed are from tholeiitic magmas. 
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Table 9. Pyroxene composition , suite, Mg#, and formula per 6 oxygen. 
Sample CR 29-2 CR 29-2 CR 29-2 CR 29-2 CR 29-2 CR 29-2 CR 29-2 CR 29-2 
Point pyx1 pyx2 pyx3 pyx4 pyx5 pyx6 pyx? pyx8 
Suite volcanic volcanic volcanic volcanic volcanic volcanic volcanic volcanic 
SiO2 52.22 53.07 53.67 53.29 51.73 52.99 52.89 53.03 
TiO2 0.39 0.32 0.39 0.16 0.41 0.37 0.45 0.41 
Al2O3 4.82 3.57 3.65 3.64 4.19 3.86 4.17 4.15 
FeO* 4.99 4.77 4.59 4.49 4.86 5.06 5.01 5.84 
MnO 0.24 0.00 0.02 0.21 0.25 0.08 0.00 0.00 
MgO 17.18 17.83 18.29 17.57 17.21 17.59 17.26 16.92 
cao 19.54 19.61 19.55 19.82 19.43 19.58 19.99 19.57 
Cr2O3 0.28 0.26 0.34 0.28 0.56 0.33 0.26 0.17 
Na2O 0.24 0.21 0.21 0.19 0.21 0.22 0.24 0.20 
K2O 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.02 
SUM 99.92 99.65 100.73 99.65 98.85 100.08 100.28 100.30 
Mg# 85.99 86.94 87.64 87.45 86.32 86.10 86.00 83.77 
Wo 39.66 39.56 39.03 40.29 39.71 39.50 40 .38 39.70 
En 51.88 52.55 53.44 52.22 52.04 52.09 51.28 50.51 
Fs 8.45 7.89 7.53 7.49 8.25 8.41 8.35 9.79 
Formula per 6 oxygen 
Si 1.898 1.929 1.928 1.936 1.903 1.922 1.915 1.923 
AIIV 0.102 0.071 0.072 0.064 0.091 0.078 0.085 0.077 
Ti 0.011 0.009 0.010 0.004 0.011 0.010 0.012 0.011 
AIVI 0.001 0.012 0.010 0.028 0.000 0.008 0.008 0.023 
Fe 0.152 0.145 0.138 0.137 0.150 0.153 0.152 0.177 
Mn 0.007 0.000 0.001 0.006 0.008 0.003 0.000 0.000 
Mg 0.931 0.966 0.979 0.951 0.944 0.951 0.931 0.914 
Ca 0.761 0.764 0.752 0.772 0.766 0.761 0.776 0.760 
Cr 0.004 0.004 0.005 0.004 0.008 0.005 0.004 0.002 
Na 0.008 0.007 0.007 0.007 0.008 0.008 0.008 0.007 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 9. (continued) 
Sample CR 29-1 CR 29-1 CR 29-1 CR 29-1 CR 29-1 CR 29-1 CR 29-1 CR 88-2 
Point pyx1 pyx2 pyx3 pyx4 pyx5 pyx6 pyx7 pyx1 
Suite volcanic volcanic volcanic volcanic volcanic volcanic volcanic wehrlite 
SiO2 53.39 53.34 53.95 53.46 54.12 53.52 54.45 56.15 
TiO2 0.21 0.27 0.22 0.21 0.21 0.15 0.20 0.02 
Al2O3 3.80 3.57 4.27 3.01 2.83 4.34 2.91 0.71 
FeO* 4.17 4.07 3.81 3.95 4.01 4.05 3.79 11.01 
MnO 0.10 0.14 0.28 0.14 0.24 0.33 0.31 0.26 
MgO 17.34 17.65 17.71 17.61 18.23 17.79 17.98 30.39 
Cao 20.14 19.77 20.17 20.16 19.62 19.88 19.73 0.94 
Cr2O3 0.53 0.86 0.63 0.90 0.59 0.81 0.60 0.02 
Na2O 0.18 0.19 0.24 0.27 0.16 0.24 0.26 0.03 
K2O 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
SUM 99.87 99.85 101.29 99.71 100.02 101.12 100.23 99.52 
Mg# 88.10 88.54 89.22 88.82 89.02 88.67 89.42 83.10 
Wo 41.08 40.29 40.75 41.15 39.77 40 .06 40 .36 1.47 
En 51.91 52.86 52.86 52.27 53.62 53.15 53.33 81.88 
Fs 7.01 6.84 6.38 6.58 6.62 6.79 6.31 16.65 
Formula per 6 oxygen 
Si 1.934 1.933 1.925 1.942 1.954 1.916 1.960 1.989 
Ai'v 0.066 0.067 0.075 0.058 0.046 0.084 0.040 0.011 
Ti 0.006 0.007 0.006 0.006 0.006 0.004 0.006 0.000 
AIVI 0.030 0.018 0.029 0.013 0.028 0.015 0.044 0.008 
Fe 0.126 0.123 0.114 0.120 0.121 0.121 0.114 0.326 
Mn 0.003 0.004 0.009 0.004 0.007 0.010 0.009 0.008 
Mg 0.936 0.953 0.942 0.954 0.981 0.949 0.965 1.604 
Ca 0.782 0.767 0.771 0.785 0.759 0.763 0.761 0.036 
Cr 0.008 0.012 0.009 0.013 0.008 0.011 0.009 0.000 
Na 0.006 0.007 0.008 0.009 0.006 0.008 0.009 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 9. (continued) 
Sample CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 
Point pyx2 pyx3 pyx4 pyx5 pyx6 pyx7 pyx8 pyx9 pyx10 
Suite wehrlite wehrlite wehr/ite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite 
SiO2 55.23 54.17 54.89 54.76 55.39 57.10 53.85 56.51 56.68 
TiO2 0.07 0.04 0.06 0.11 0.12 0.01 0.25 0.20 0.07 
Al2O3 0.76 1.17 0.89 0.82 0.92 0.94 1.43 1.24 1.20 
FeO* 4.14 4.50 4.35 4.04 4.41 11.15 4.53 10.70 10.95 
MnO 0.11 0.13 0.11 0.13 0.18 0.31 0.18 0.31 0.22 
MgO 16.71 16.63 16.77 16.58 16.71 30.60 16.85 30.29 30.25 
CaO 24.16 23.29 23.77 23.96 23.86 0.66 22.99 1.12 0.98 
Cr2O3 0.19 0.12 0.23 0.15 0.24 0.12 0.28 0.16 0.04 
Na2O 0.25 0.29 0.21 0.24 0.23 0.04 0.17 0.01 0.03 
K2O 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.01 0.01 
SUM 101.62 100.34 101.31 100.80 102.07 100.93 100.53 100.55 100.43 
Mg# 87.78 86.81 87.29 87.96 87.11 83.02 86.90 83.46 83.12 
Wo 47.58 46.41 46 .87 47.59 47.01 0.76 45.62 1.48 1.29 
En 46.02 46.52 46.37 46.10 46.16 82.39 47 .26 82.22 82.04 
Fs 6.40 7.07 6.75 6.31 6.83 16.85 7.13 16.30 16.67 
Formula per 6 oxygen 
Si 1.988 1.976 1.982 1.986 1.985 1.992 1.961 1.980 1.987 
AIIV 0.012 0.024 0.018 0.014 0.015 0.008 0.031 0.020 0.013 
Ti 0.002 0.001 0.002 0.003 0.003 0.000 0.007 0.005 0.002 
AIVI 0.008 0.002 0.002 0.007 0.010 0.023 0.000 0.011 0.024 
Fe 0.125 0.137 0.131 0.123 0.132 0.325 0.138 0.314 0.321 
Mn 0.003 0.004 0.003 0.004 0.006 0.009 0.006 0.009 0.006 
Mg 0.896 0.904 0.903 0.896 0.893 1.591 0.914 1.582 1.581 
Ca 0.932 0.910 0.920 0.931 0.916 0.025 0.897 0.042 0.037 
Cr 0.003 0.002 0.003 0.002 0.003 0.002 0.004 0.002 0.001 
Na 0.009 0.010 0.007 0.008 0.008 0.001 0.006 0.000 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 9. (continued) 
Sample CR 88-2 CR 88-2 CR 88-2 CR 10-1 CR 10-1 CR 10-1 CR 90-4 CR 90-4 CR 90-4 
Point pyx12 pyx13 pyx11 pyx1 pyx2 pyx3 pyx1 pyx2 pyx3 
Suite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite 
SiO2 56.27 57.90 50.76 55.93 52.85 56.95 56.88 57.02 57.72 
TiO2 0.16 0.12 0.11 0.20 0.22 0.18 0.20 0.28 0.22 
Al2O3 1.46 1.35 0.72 1.59 2.31 1.96 2.45 2.44 2.33 
FeO* 11.44 10.62 4.14 10.83 4.82 11.15 7.65 7.62 7.43 
MnO 0.26 0.28 0.12 0.26 0.18 0.26 0.23 0.18 0.21 
MgO 29.91 31.09 14.66 30.26 16.10 30.59 33.02 33.20 34.02 
Cao 1.24 0.63 24.79 1.25 22.72 1.21 1.01 0.99 0.98 
Cr2O3 0.15 0.04 0.14 0.30 0.65 0.28 0.34 0.28 0.25 
Na2O 0.00 0.02 0.15 0.03 0.32 0.05 0.01 0.01 0.04 
K2O 0.00 0.01 0.01 0.01 0.01 0.00 0.03 0.00 0.00 
SUM 100.91 102.06 95.59 100.67 100.18 102.62 101.81 102.02 103.19 
Mg# 82.33 83.91 86.31 83.28 85.61 83.02 88.50 88.58 89.08 
Wo 1.58 0.51 51.06 1.49 45.81 1.23 0.54 0.52 0.58 
En 81.04 83.48 42.24 82.03 46.39 82.01 88.02 88.12 88.57 
Fs 17.39 16.01 6.70 16.47 7.80 16.77 11.44 11.36 10.85 
Formula per 6 oxygen 
Si 1.971 1.990 1.962 1.962 1.937 1.959 1.942 1.942 1.942 
Ai'v 0.029 0.010 0.016 0.033 0.050 0.040 0.048 0.048 0.046 
Ti 0.004 0.003 0.003 0.005 0.006 0.005 0.005 0.007 0.005 
AIVI 0.003 0.034 0.000 0.000 0.000 0.000 0.001 0.001 0.000 
Fe 0.335 0.305 0.134 0.318 0.148 0.321 0.218 0.217 0.209 
Mn 0.008 0.008 0.004 0.008 0.006 0.008 0.007 0.005 0.006 
Mg 1.562 1.593 0.844 1.581 0.879 1.568 1.681 1.685 1.706 
Ca 0.047 0.023 1.027 0.047 0.892 0.044 0.037 0.036 0.035 
Cr 0.002 0.000 0.002 0.004 0.009 0.004 0.005 0.004 0.003 
Na 0.000 0.001 0.006 0.001 0.012 0.002 0.000 0.000 0.001 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
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Table 9. (continued) 
Sample CR 90-4 CR 90-4 CR 99-1 CR 99-1 CR 99-1 CR 99-1 CR 99-1 CR 99-1 
Point pyx4 pyx5 pyx1 pyx2 pyx3 pyx4 pyx5 pyx6 
Suite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite 
SiO2 57.07 57.16 53.83 53.83 56.95 56.82 51.26 53.51 
TiO2 0.16 0.17 0.14 0.11 0.20 0.23 0.32 0.38 
Al2O3 3.65 2.48 2.60 2.12 2.08 2.19 3.63 3.62 
FeO* 7.33 7.41 3.27 3.08 8.95 8.80 3.35 4 .11 
MnO 0.22 0.11 0.14 0.02 0.06 0.09 0.02 0.05 
MgO 33.00 33.13 18.00 16.90 32.06 32.43 16.48 16.91 
cao 1.11 1.14 19.85 21.49 0.91 1.03 18.90 20.79 
Cr2O3 0.37 0.41 0.81 0.82 0.32 0.27 0.40 0.67 
Na2O 0.00 0.02 0.18 0.33 0.04 0.01 0.30 0.29 
K2O 0.00 0.00 0.04 0.01 0.00 0.00 0.03 0.00 
SUM 102.91 102.03 98.85 98.71 101.58 101.87 94.68 100.33 
Mg# 88.91 88.85 90.74 90.72 86.45 86.78 89.77 88.00 
Wo 0.08 0.75 40 .88 44.65 0.57 0.73 41.30 42.56 
En 88.84 88.19 53.65 50.21 85.95 86.15 52.70 50.55 
Fs 11.08 11.07 5.47 5.14 13.47 13.12 6.00 6.89 
Formula per 6 oxygen 
Si 1.924 1.945 1.963 1.973 1.957 1.947 1.949 1.934 
Ai'v 0.073 0.050 0.038 0.027 0.042 0.043 0.051 0.066 
Ti 0.004 0.004 0.004 0.003 0.005 0.006 0.009 0.010 
AIVI 0.000 0.000 0.036 0.038 0.000 0.001 0.060 0.022 
Fe 0.207 0.211 0.100 0.094 0.257 0.252 0.106 0.124 
Mn 0.006 0.003 0.004 0.001 0.002 0.002 0.001 0.002 
Mg 1.658 1.680 0.978 0.923 1.642 1.657 0.934 0.911 
Ca 0.040 0.041 0.776 0.844 0.034 0.038 0.770 0.805 
Cr 0.005 0.006 0.012 0.012 0.004 0.004 0.006 0.010 
Na 0.000 0.001 0.006 0.012 0.001 0.000 0.011 0.010 
K 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 
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Table 9. (continued) 
Sample CR 99-1 CR 99-1 CR 99-1 CR 114-2 CR 114-2 
Point pyx? pyx8 pyx9 pyx1 Pyx2 
Suite wehrlite wehrlite wehrlite wehrlite Wehrlite 
SiO2 51.30 53.50 56.37 55.73 56.24 
TiO2 0.21 0.18 0.12 0.01 0.04 
Al2O3 3.25 3.33 3.02 1.19 1.06 
FeO* 5.05 3.36 8.65 2.60 2.17 
MnO 0.06 0.15 0.28 0.14 0.20 
MgO 16.93 17.40 31.63 17.33 17.61 
Cao 19.48 20.97 1.12 23.04 23.16 
Cr2O3 0.59 0.83 0.43 0.05 0.08 
Na2O 0.24 0.19 0.01 0.07 0.05 
K2O 0.00 0.01 0.01 0.00 0.00 
SUM 97.11 99.92 101.64 100.17 100.61 
Mg# 85.67 90.21 86.70 92.24 93.54 
Wo 40.34 42.68 0.42 46.52 46 .63 
En 51.11 51.71 86.34 49.33 49.92 
Fs 8.55 5.61 13.25 4.15 3.45 
Formula per 6 oxygen 
Si 1.924 1.938 1.937 2.008 2.013 
Alvi 0.072 0.062 0.061 0.000 0.000 
Ti 0.006 0.005 0.003 0.000 0.001 
Aiv 0.000 0.018 0.000 0.058 0.058 
Fe 0.158 0.102 0.249 0.078 0.065 
Mn 0.002 0.005 0.008 0.004 0.006 
Mg 0.946 0.939 1.620 0.931 0.940 
Ca 0.783 0.814 0.041 0889 0.889 
Cr 0.009 0.012 0.006 0.001 0.001 
Na 0.009 0.007 0.000 0.002 0.002 
K 0.000 0.000 0.000 0.000 0.000 
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Figure 33. Pyroxene quadrilateral showing two main pyroxene types. There are two main 
pyroxene types found in the wehrlites: a bronzitic orthopyroxene and a diopsidic clinopyroxene. 
The volcanics analyzed for phase chemistry only display diopsidic clinopyroxene. 
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Cr203 vs. Mg# for pyroxene 
A from volcanics 
A 
A 
AA .6. 
A Pyroxene from boninite 
Pyroxene from other 
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Figure 34. Plot of Cr203 vs. Mg# for pyroxene in volcanics. The pyroxenes 
from the boninitic volcanics are rich in Cr203, and plot above the solid black 
line (greater than 0.5% by weight). Pyroxenes from the rest of the volcanics 
plot below the line and typically only have 0.3% Cr203 by weight. 
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Ti02 vs. Mg# for pyroxene 
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Pyroxenes from MORB volcanics 
h. Pyroxenes from other volcanics 
h. ,. . I, CJ. il .ll .u. 
89 88 87 86 85 84 
Mg# 
83 
Figure 35. Ti02 vs. Mg# for pyroxene from volcanics. Pyroxenes from 
MORD-affinity samples plot above the solid black line (greater than 0.3% 
Ti02), while those from other volcanics plot below the line (less than 0.3% 
Ti02 by weight). 
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Figure 36. Letterier discrimination plots. A. Alkaline vs. subalkaline 
discrimination plot. B. Orogenic vs. non-orogenic discrimination plot. 
C. Calc-alkalic vs. arc tholeiitic discrimination plot. All discrimination 
lines from Letterier et al., 1982. 
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Table 10. Olivine chemistry , suite, Fo content , and formula per 4 oxygen. 
Sample CR 99-1 CR 99-1 CR 99-1 CR 99-1 CR 99-1 CR 10-1 CR 114-3 
Point oliv1 oliv2 oliv3 oliv4 oliv5 oliv1 oliv1 
Suite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite mantle 
SiO2 40.730 40.443 40.559 40.540 40.542 40.580 38.961 
TiO2 0.055 0.005 0.065 0.060 0.000 0.000 0.112 
FeO* 13.697 13.813 13.533 14.095 13.913 16.861 12.622 
MnO 0.096 0.239 0.269 0.319 0.320 0.243 0.092 
MgO 46.201 45 .636 45.883 45.672 45.848 43.589 43.576 
cao 0.034 0.055 0.069 0.178 0.072 0.048 0.027 
Cr2O3 0.026 0.016 0.054 0.012 0.037 0.018 0.013 
SUM 100.839 100.207 100.431 100.875 100.732 101.337 95.402 
Fo 85.736 85.481 85.799 85.238 85.449 82.165 86.018 
Formula per 4 oxygen 
Si 1.006 1.006 1.006 1.004 1.004 1.011 1.014 
Ti 0.001 0.000 0.001 0.001 0.000 0.000 0.002 
Fe 0.283 0.287 0.281 0.292 0.288 0.351 0.275 
Mn 0.002 0.005 0.006 0.007 0.007 0.005 0.002 
Mg 1.700 1.692 1.696 1.685 1.693 1.619 1.690 
Ca 0.001 0.001 0.002 0.005 0.002 0.001 0.001 
Cr 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
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Olivine Chemistry 
Seven olivines (six from wehrlite, one from harzburgite) were analyzed for major 
element chemistry ( compositions shown in Table 10). All of the olivines had a Fo 
content of 82-86. The Fo content of the olivines can be used to calculate the equilibrium 
magma using the equation: Mg# liquid= 1/(((100-Fo)/(Ko*Fo))+l) *100. The observed 
Fo content of 84-86 from the wehrlite indicates equilibrium liquids with Mg# 
67-69. This is extremely similar to the Mg# of the boninites , which ranges from 
approximately 65-70. This is consistent with wehrlites forming as cumulates from a 
boninitic parent magma. 
Hornblende Chemistry 
Twenty-five hornblendes were analyzed for major element chemistry (results 
shown in Table 11). Hornblende is present as a post-cumulus phase in the wehrlites, as a 
primary phase in the diorites, and as phenocrys ts in the late-stage intrusives. 
Hornblendes in the wehrlite have 43-50% SiO2 and 7-9% AhO 3, which would result in 
Al being in the T and C sites of the hornblende. The hornblendes have Na2O values of 
1.8-2.5% and less than 0.01 % K2O. The Na2O+K2O values in addition to the Al in the C 
site means the hornblendes are pargasitic . Hornblende in the diorites have approximately 
48% SiO2, 18% MgO, and 7% AhO 3. The hornblende is pargasitic because of Al in the 
T and C sites. Hornblende is present as phenocrysts in the late-stage dikes. The 
hornblende has SiO2 51-54%, AhO 3 2-4%, and low Na 2O and K2O (both less than 
0.33%). Although the Na20 and K20 are low, there is still Al in the T and C sites, 
which makes the hornblendes pargasitic. 
Plagioclase Chemistry 
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Plagioclase is largely altered to hydrous low temperature phases ( clay minerals , 
zoisite , and calcite). Five analyses with acceptable totals were made (Table 12). All are 
al bites (An2-An 10), which is probably the result of fluid alteration. 
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Table 11. Hornblend e composition, suite, and formula per 23 oxygen. 
Sample CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 88-2 CR 10-1 CR 10-1 
Point hbl1 hbl2 hbl3 hbl4 hbl5 hbl6 hbl1 hbl2 
Suite diorite diorite late dike late dike late dike late dike late dike late dike 
SiO2 48 .522 48.522 51.37 52.72 52.24 53.03 52.30 51.91 
TiO2 0.220 0.220 0.39 0.43 0.41 0.37 0.39 0.46 
Al2O3 6.865 6.865 4.40 2.97 2.78 2.81 3.12 3.04 
FeO* 18.200 18.200 16.06 15.51 16.58 13.95 14.42 14.83 
MnO 0.347 0.347 0.46 0.59 0.48 0.32 0.42 0.44 
MgO 12.048 12.048 12.46 14.59 13.60 14.16 14.67 14.29 
Cao 8.691 8.691 11.55 10.72 11.26 12.52 11.36 11.47 
Cr2O3 0.001 0.001 0.01 0.02 0.03 0.00 0.07 0.05 
Na20 0.369 0.369 0.33 0.27 0.32 0.16 0.32 0.28 
K2O 0.326 0.326 0.08 0.10 0.18 0.02 0.10 0.10 
SUM 95.590 95.590 97.11 97.93 97.90 97.34 97.17 96.89 
Formula per 23 oxygen 
Si 6.585 6.588 6.862 6.561 6.606 6.660 6.611 6.567 
AIIV 1.415 1.412 1.138 1.439 1.394 1.340 1.389 1.433 
Ti 0.324 0.352 0.149 0.271 0.269 0.239 0.246 0.227 
AIVI 0.110 0.156 0.214 0.139 0.183 0.232 0.174 0.121 
Fe 0.996 0.970 0.875 0.983 0.992 0.963 0.927 0.901 
Mn 0.010 0.012 0.004 0.006 0.009 0.008 0.006 0.011 
Mg 3.594 3.539 3.785 3.596 3.583 3.650 3.498 3.636 
Ca 1.896 1.888 1.874 1.939 1.889 1.853 1.895 1.816 
Cr 0.037 0.037 0.044 0.041 0.036 0.045 0.152 0.156 
Na 0.675 0.700 0.538 0.678 0.675 0.649 0.704 0.709 
K 0.059 0.057 0.012 0.057 0.055 0.060 0.082 0.055 
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Table 11. ( continued) 
Sample CR 10-1 CR 10-1 CR 87-1 CR 87-1 CR 88-2 CR 88-2 CR 88-2 CR 88-2 
Point hbl3 hbl4 hbl1 hbl2 hbl1 hbl2 hbl3 hbl4 
Suite late dike late dike late dike wehrlite wehrlite wehrlite wehrlite wehrlite 
SiO2 54.08 53.81 51.71 44.438 44 .285 47.415 43.636 44.306 
TiO2 0.15 0.20 0.25 3.154 2.894 1.371 2 .394 2.399 
Al2O3 2.32 2.46 3.48 8.971 8.699 7.927 8.901 8.971 
FeO* 12.35 12.77 14.62 7.827 8.010 7.227 7.819 7.954 
MnO 0.36 0.30 0.29 0.099 0.077 0.030 0.049 0.071 
MgO 15.65 15.43 13.18 16.017 16.218 17.551 16.047 16.125 
CaO 12.29 12.23 12.44 11.886 11.903 12.087 12.034 11.823 
Cr2O3 0.05 0.02 0.05 0.313 0.313 0.381 0.346 0.308 
Na2O 0.16 0.20 0.27 2.436 2.341 1.917 2.325 2.334 
K2O 0.06 0.06 0.04 0.300 0.312 0.063 0.295 0.290 
SUM 97.48 97.48 96.33 95.441 95.051 95.970 93.846 94.582 
Formula per 23 oxygen 
Si 6.732 6.365 7.752 7.752 6.543 6 .954 7.224 7.414 
AIIV 1.268 1.635 0.248 0.248 1.457 1.046 0.776 0.586 
Ti 0.064 0.110 0.026 0.026 0.040 0.043 0.128 0.009 
AIVI 0 .265 0.000 1.045 1.045 0.000 0.351 0.134 0.000 
Fe 1.014 1.008 2.432 2.432 0.870 0.924 0.776 0.420 
Mn 0.017 0.010 0.047 0.047 0.011 0.012 0.011 0.012 
Mg 3.740 3.689 2.869 2.869 3.618 3.845 3.577 4 .280 
Ca 1.838 1.632 1.488 1.488 1.796 1.909 2.556 1.797 
Cr 0 .042 0.056 0.000 0.000 0.034 0.036 0.084 0.010 
Na 0.707 0.643 0.114 0.114 0.500 0.532 0.352 0.063 
K 0.075 0.058 0.067 0.067 0.080 0.085 0.026 0.000 
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Table 11. ( continued) 
Sample CR 10-3 CR 10-3 CR 10-3 CR 10-3 CR 10-3 CR 10-3 CR 10-3 CR 10-3 
Point hbl1 hbl2 hbl3 hbl4 hbl5 hbl6 hbl7 hbl8 
Suite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite wehrlite 
SiO2 45 .589 44 .558 45.235 45.878 45.549 47.505 47 .505 49.79 
TiO2 2.175 2.204 2.075 0.579 1.043 0.390 0.390 1.18 
Al2O3 9.130 8.940 9.082 8.861 8.740 8.099 8.099 5.32 
FeO* 7.885 7.472 7.419 8.259 8.628 7.549 7.549 6.40 
MnO 0.061 0.052 0.090 0.139 0.088 0.093 0.093 0.09 
MgO 16.767 15.820 16.805 17.100 17.714 17.626 17.626 16.54 
Cao 11.837 11.924 11.676 11.689 10.898 12.171 12.171 16.44 
Cr2O3 0.387 1.299 1.358 0.362 0.509 0.313 0.313 0.74 
Na2O 2.291 2.448 2.519 2.485 2.371 1.872 1.872 1.25 
K2O 0.322 0.435 0.299 0.401 0.324 0.454 0.454 0.14 
SUM 96.444 95.151 96.558 95.754 95.863 96.072 96.072 97.88 
Formula per 23 oxygen 
Si 7.584 7.612 7.758 7.690 7.616 7.724 7.762 7.682 
AIIV 0.416 0.388 0.242 0.310 0.384 0.276 0.238 0.318 
Ti 0.043 0.047 0.046 0.040 0.043 0.052 0.017 0.022 
AIVI 0.349 0.118 0.244 0.170 0.152 0.257 0.156 0.097 
Fe 1.983 1.872 2.059 1.692 1.755 1.846 1.483 1.525 
Mn 0.058 0.073 0.061 0.039 0.052 0.056 0.044 0.036 
Mg 2.741 3.140 3.009 3.061 3.182 3.168 3.348 3.282 
Ca 1.828 1.658 1.792 1.946 1.772 1.829 1.891 1.871 
Cr 0.002 0.002 0.004 0.000 0.008 0.006 0.006 0.002 
Na 0.093 0.075 0.094 0.045 0.089 0.081 0.045 0.055 
K 0.015 0.019 0.035 0.004 0.019 0.020 0.010 0.010 
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Table 12. Plagioclase composition, suite, and An content. 
Sample CR 29-2 CR 87-1 CR 87-1 CR 87-1 CR 75-1 
Point plag1 plag1 plag2 plag3 plag1 
Suite volcanic diorite diorite diorite late dike 
SiO2 67.56 67.48 66.82 68.37 67 .05 
TiO2 0.00 0.05 0.17 0.00 0.01 
Al2O3 20.71 21.42 21.55 20.22 15.57 
FeO* 0.16 0.44 0.63 0.20 0.49 
MnO 0.23 0.30 0.01 0.05 0.00 
MgO 0.11 0.11 0.35 0.00 0.13 
CaO 0.52 0.51 1.10 0.46 0.18 
Cr2O3 0.01 0.00 0.02 0.00 0.00 
Na2O 11.22 10.62 10.47 11.34 10.71 
1<20 0.19 0.80 0.25 0.05 0.13 
SUM 100.71 101.73 101.37 100.69 94.28 
An 4.82 4.81 10.25 4.24 1.77 
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CHAPTER V 
MODEL FOR OPHIOLITE FORMATION 
MULTI-STAGE ORIGIN FOR OPHIOLITES 
Detailed field and geochemical studies have revealed that single-stage formation 
models are too simple for most ophiolites (Pearce et al., 1981; Rautenschlein et al., 1985; 
Malpas , 1990; Malpas et al., 1987; Juteau et al., 1988a,b; Shervais , 2001). Cuesta Ridge 
and other CRO remnants display several lines of evidence indicating multiple stages of 
formation. 
Field Evidence 
At Cuesta Ridge the following three lines of evidence suggest a multi-stage 
origin: (1) wehrlite sills intrude isotropic gabbros that lie above the mantle portion of the 
ophiolite ; (2) quart z-hornb lende diorite sills intrude the calc-alkaline and boninitic 
volcanics that are stratigraphi cally above other ophiolite units , as shown by volcanic 
screens within the quartz-hornbl ende diorite intrusions. ( 4) late-stage dikes with MORB-
affinity dikes cross-cut the wehrlites, volcanics, and diorites. 
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Geochemical Evidence 
Geochemical evidence that supports a multi-stage origin includes: (1) the 
presence of three plutonic suites (the wehrlites, gabbros, and diorites) whose parent 
magmas cannot be related and (2) the presence of four volcanic suites that cannot be 
related via fractional crystallization , assimilation, or magma mixing. In Chapter III, 
forward modeling showed that the wehrlites and boninites are related. Si0 2 variation 
diagrams revealed that the diorites are related to the calc-alkaline volcanics, the gabbros 
are related to the arc tholeiites , and the MORB-affinity dikes are unrelated to any other 
lithologies at Cuesta Ridge. Therefore the Cuesta Ridge ophiolite remnant formed via 
four magmatic episodes that overlapped both temporally and spatially during its 
evolution. 
EVIDENCE FOR SUPRA-SUBDUCTION 
ZONE ORIGIN 
The Cuesta Ridge ophiolite remnant probably formed as a SSZ ophiolite in the 
extensional forearc region above the subduction zone. Evidence for this includes: 1) 
quartz-hornblende diorite sheeted complex unlike any lithology found at mid-ocean 
ridges by drilling or dredging , 2) calc-alkaline volcanics with no MORB signature ( e.g., 
Ti/V less than 20), 3) arc tholeiitic volcanics with no MORB signature, 4) boninitic 
volcanics (MgO greater than 10%, high Cr and Ni), and 5) clinopyroxene from the 
wehrlite and boninitic volcanics that are in equilibrium with an orogenic magma. 
The presence of boninites strongly suggests both a non-MO RB origin and 
alludes to the environment of formation. Boninites are indicative of formation in 
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extensional forearc regions (Cameron et al., 1979; Cameron et al., 1983; Cameron, 1985). 
This would require that ophiolites now in the forearc region probably formed in situ 
(Cameron et al., 1979). This means the Cuesta Ridge ophiolite remnant and the CRO 
formed above the subducting slab in the forearc region. 
MODEL OF EVOLUTION FOR CUESTA 
RIDGE OPHIOLITE REMNANT 
The following model is a step-wise model that suggests clear boundaries, 
however, in reality the beginnings and ends of these stages clearly overlap in both space 
and time. The overlap is minimal between some of the stages (e.g., between the diorite 
intrusions and late-stage dikes and flows) and is almost completely integrated between 
others (e.g. between the boninitic and calc-alkaline volcanics). 
Subduction Onset 
The triggering of SSZ ophiolite formation is dependent on rapid extension in the 
forearc region (as evidenced by boninites) to accommodate magma emplacement and 
eruption (Shervais , 1990; Stem and Bloomer, 1992; Giaramitra et al. , 1998). This rapid 
extension is initiated by either slab rollback or via subduction initiation (Fig. 37a). 
During this phase of formation the crust is thinning and mantle tectonite is being exposed 
' 
in these areas. 
A) Triggering of SSZ formation from initiation of subduction. 
Initiation of subduction 
8) Production of gabbroic crust and shallowing 
of mantle tectonite due to crustal thinning. 
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J. J.' ~Zoneof melting 
Slab continues to sink and dehydration 
reactions give off fluid from slab 
C) Emplacement of wehrlites and pyroxenites 
and eruption of boninitic magmas. 
Fluid from subducting slab 
results in continued melting 
of asthenosphere and 
elevated trace element 
abundances. 
Figure 37 Model for ophiolite formation. A. Subduction initiation. B. Formation 
of gabbroic crust. C. Boninite and wehrlite formation. D. Cale-alkaline magmatism. 
E. Ridge subduction and injection of late stage dikes. F. Accretionary uplift. 
D) Extrusive calc-alkaline volcanism temporally f\e 
and spatially overlapping boninitic f\c_\':,'-?>6,,,o(\ 1,  
~~;,7:nm~y diorite v,0,o'i'\.,-OO"' 
l~Ll 
f)~ 
E) Ridge subduction followed by 
injection of late stage dikes. 
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New hot asthenosphere 
flows into gap 
Thermal disruption due 
to ridge subduction 
F) Accretionary uplift due to bouyancy of 
Franciscan Complex. 
Figure 37. ( continued) 
Slab delaminates and sinks 
into mantle after injection of 
MORBdikes. 
Zone of melting 
moves beneath 
Sierran arc 
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Gabbro Production 
Lithospheric thinning combined with fluid release from the subducting slab leads 
to melting in the asthenospheric wedge and gabbro production (Fig. 37b). At Cuesta 
Ridge , this stage appears to be minor (since there are very few gabbros present) , but at 
other CRO locale s (e.g. Point Sal) where the gabbroic section is much thicker , this stage 
plays a more significant role in ophiolite formation (Hopson et al. , 1981 ). The relative 
timing of this stage is based on wehrlite dikes that cross-cut the gab bro and its 
stratigraphic position. 
Boninite and Wehrlite Formation 
The second stage of formation consists ofboninitic and wehrlitic magmatism 
(Fig . 37c). The boninitic volcanism accounts for roughly 40% of the volcanism at Cuesta 
Ridge and is labeled as one of the more major stages of formation. The primitive nature 
of the magmas is a result of melting depleted asthenosphere from which the gabbroic 
magmas were extracted. These magmas also have elevated trace element abundances, 
which is attributed to fluids coming off the 
subducting slab . The timing of this stage is largely overlapped by calc-alkaline 
volcanism , and it is unclear whether they are coeval or whether one occurred while the 
other had a brief quiescence and then switched . 
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Cale-alkaline Magmatism 
Cale-alkaline volcanism spatially and temporally overlapped the boninitic 
volcanism at Cuesta Ridge (Fig. 37d). This phase of volcanism accounts for 
approximately 35% of the volcanism at Cuesta Ridge . The formation of calc-alkaline 
volcanics during this phase of ophiolite evolution is reliant on new asthenosphere 
entering the mantle wedge to renourish the previously depleted wedge. The overlap of 
the calc-alkaline and boninitic magmas may suggest that the asthenosphere had not 
reached a state of complete rapid convection, but instead was convecting slowly enough 
to allow primitive magmas to form and erupt. Early calc-alkaline volcanism was 
followed by large-scal e diorite intrusion that created a volumetrically significant 
component of the total magmatism formed at Cuesta Ridge (Fig. 37d). This phase 
created a sheeted complex that cross-cut the boninitic and calc-alkaline volcanics. The 
asthenospheric wedge was rapidly convecting and supplied new undepleted magmas , and 
was enriched by silica-rich fluids from the subducting slab (which account for the higher 
Si0 2 abundance). 
Late-stage Intrusions 
A final magmatic stage at Cuesta Ridge consists of MO RB-affinity dikes and 
flows (Fig. 37e). The flows account for approximately 25% of the total volcanism at 
Cuesta Ridge, and the dikes are somewhat less voluminous than the diorites (and are 
almost impossible to identify in the field unless cutting diorite or gab bro). The switch to 
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MORB chemistry volcanism is attributed to either one of two events: 1) continued 
spreading in the forearc that progressed to full back-arc spread ing or 2) subduction of a 
mid-ocean spreading center that provided magmas to the system (Shervais, 1993). 
The latter hypothesis is favored here, for several reasons: 1) the abrupt change 
from calc-alkaline volcanism to MORB volcanism instead of a steady evolution of the 
volcanic system; 2) the intercalation of enriched arc lavas with ocean island tholeiites and 
alkali basalts at Stonyford (Shervais and Hanan, 1989); 3) mafic crust that is too thick to 
be back-arc basin crust underlies the Great Valley forearc basin (Godfrey and Klemperer , 
1998); and 4) the formation of the ophiolite terminated rapidly at approximately 162 Ma. 
This is consistent with the hypothesis Cloos (1993) put forth in which he noted 
lithosphere next to a spreading center would be too buoyant to sink into the mantle and 
would cause major disruption in the thermal structure of the margin . This buoyancy 
would result in a shallower subduction angle and an inland shift in magmatism (Cloos, 
1993 ). 5) Shervais (2001) noted the coincidence in timing between the end of the 
ophiolite formation ( approximately 162 Ma) and the timing of high-grade metamorphism 
within Franciscan blocks ( also at 160-162 Ma; Coleman and Lanphere, 1972; Mattinson , 
1986, 1988; Ross and Sharp, 1986) and attributed it to ridge subduction. 6) Murchey and 
Blake (1992 , 1993) showed that Franciscan cherts have a fossil-age reversal in the late 
Middle Jurassic, indicating a spreading center was subducted at that time. 
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Accretionary Uplift 
The final stage of the ophiolite evolution, its emplacement (Fig. 37±), is attributed 
to accretionary uplift (Shervais , 2001 ). This process occurs from resumed subduction 
where a melange is either forming (in this case the Franciscan complex) or thickening. 
The subduction complex underneath the ophiolite gradually thickens through time (in this 
case from the time of ophiolite formation until conversion to current transform boundary) 
creating a large buoyant force causes uplift in the ophiolite. Once the melange has 
thickened and then over-thickened denudation and extensional deformation occur within 
the ophiolite. The Cuesta Ridge ophiolite remnant was exposed beneath sea level by the 
latest Miocene as evidenced by the presence of large submarine fan deposits consisting of 
ophiolite debris . Only in the last few million or less has the ophiolite been exposed 
above sea level. 
CHAPTER VI 
NEOGENE TECTONICS AND TECTONIC UPLIFT IN THE CENTRAL 
CALIFORNIA COAST RANGES 
NEOGENE TECTONICS OF CALIFORNIA 
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The tectonic scheme of western California has been dominated by strike-slip 
faulting and related thrust faulting since the Miocene (Page, 1981; Page et al., 1998; 
Argus and Gordon, 2001 ). At Cuesta Ridge, pronounced thrust faulting has occurred 
since the end of the Miocene . This is consistent with observations made elsewhere in the 
central Coast Ranges where up to 10 km of shortening has occurred along both low-angl e 
and high-angle reverse faults (Page et al., 1998). Thrust faulting is initiated via two 
mechanisms : 1) due to transpression at small constraining bends in strike-slip faults 
(mainly along the San Andreas , and less so along the Sur-Nacimiento) that form thrusts at 
high angles to the main trend of the strike-slip fault and 2) from the component of 
convergence along the plate boundary, which forms thrust faults that are sub-parallel to 
the strike of the San Andreas and other strike-slip systems (Page et al., 1998). 
THRUST FAULTING AT CUESTA RIDGE 
Thrust faulting at Cuesta Ridge is most likely related to oblique convergence of 
the current transform boundary because thrust faults strike subparallel to the 
Rinconada /Sur-Nacimiento fault zone. The thrust faulting has placed the Cuesta Ridge 
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ophiolite remnant over a Late Miocene to Pleistocene submarine fan deposit and over 
the Miocene Monterey Formation (Fig. 4). The thrust faulting has also resulted in 
dismemberment of the uppermost portion of the ophiolite and has repeated the chert 
section at Cuesta Ridge. The ophiolite has been thrust at least 1.2 km (based on the 
location and dip of the contacts between the Monterey Formation and the submarine fan 
and the ophiolite and the submarine fan) and is probably much greater ( due to thrust 
faulting in the upper portion of the ophiolite that is much harder to quantify) . 
CHARACTERIZATION OF THE SUBMARINE 
FAN DEPOSIT 
The southwest side of Cuesta Ridge near San Luis Obispo , CA is covered by a 
submarine fan deposit that is 8 km wide and 2.2 km long , trending northwest-southeast 
(Fig . 3). Cross-sections A-A 1 and B-B 1 (Fig. 4) show that the submarine fan has a 
maximum thickness of 400 meters in its southernmost reaches , and a thickne ss of 245 m 
in the north . It is currently unclear whether the thinning to the northwest is a result of 
differential deposition or structural truncation. 
The deposit predominantly consists of serpentinized harzburgite clasts (Fig. 38a-
b) with the lower 10 meters containing clasts of Monterey Formation. The matrix mainly 
consists of silt-sand sized grains of crushed harzburgites with minor amounts of other 
lithic fragments of ophiolitic material. This suggests that the deposit was shed off of the 
exposed mantle section of the Cuesta Ridge ophiolite remnant. 
Figure 38. A. Rip-up clasts of Monterey Fm. that are entrained in the submarine 
fan deposit. B. Harzburgitic clasts that comprise most of the submarine fan 
deposit. 
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The submarine fan deposit displays no definite internal stratigraphy , however, large 
blocks often appear to show a weak preferential alignment. Also, the deposit shows little 
or no size grading of clasts up section. The deposit is mainly clast supported with a fine-
grained interstitial matrix . The clasts are generally 15-40 cm in size (Fig. 3 8a-b ), with 
some larger blocks reaching a long axis length of 12 meters. 
SUBMARINE FAN DEPOSIT TIMING 
AND RELATIONSHIPS 
The timing of formation for the submarine fan is based on its relationship with the 
Monterey Formation. The upper 10 meters of the Monterey Formation are severely 
disrupted , brecciated , and intertwined with younger fan material. This disruption of the 
end of sedimentation in the Monterey Formation, which occurred at 6 Ma (Lagoe, 1984, 
1985; Graham et al., 1989; Behl, 1999), would indicate that the fan deposit formed while 
the Monterey Formation was exposed at the surface and unlithified. 
The submarine fan also unconformably overlies a channel-fill deposit that we 
believe represents a Sisquoc equivalent formation, and the Franciscan Formation . The 
channel-fill deposit that cuts part of the Monterey Formation possibly suggests that 
sedimentation was occurring at the shallower end of Monterey Formation deposition 
(upper middle bathyal depths) (Lagoe, 1984, 1985; Behl, 1999) . 
The submarine fan deposit has been overthrust by serpentinized harzburgites from 
which it was derived from thrust over it (Fig. 4) . The serpentinite has been thrust at least 
1.2 km (horizontal displacement) over the submarine fan deposit. The thrust faulting in 
the area has caused severe folding and faulting in the ophiolite, Toro shale, and Great 
Valley Formation, and is probably responsible for most of the uplift in the area. 
INTRODUCTION TO UPLIFT 
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Uplift in the central California Coast Ranges has been recognized on the basis of 
uplifted marine terraces for over 100 years ( e.g. Lawson , 1893). However, it is unclear 
whether uplift rates from the Pleistocene to the present are similar to those observed from 
the Late Miocene to present. The Late Miocene submarine fan deposit situated on the 
flanks of Cuesta Ridge , outside of San Luis Obispo , CA provides us with a way of 
determining a minimum uplift rate for the central Coast Ranges for the past 6 Ma. 
DETERMINATION OF UPLIFT 
The amount and rate of uplift in the area relative to sea levei can be determined 
from the following equations , respectively: 
1) Net uplift = b;- (b0 + SL,) and 
2) Mean uplift rate = (b;- (b0 + SL,))/t, 
where b; is the current elevation of base of submarine fan deposit , b0 is the elevation of 
the base of the submarine fan deposit at time of formation, SL, is sea level at time of 
formation of submarine fan deposit relative to present day sea level, and tis time of 
submarine fan deposit formation . 
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The present elevation of the submarine fan deposit base is easily determined 
by mapping to be approximatel y 300 meters. The elevation at the time of formation is 
more difficult to acquire and depends on the depth of deposition of the Monterey 
Formation. The Monterey Formation was deposited in middle bathyal (1500-2300 m) to 
upper middle bathyal (500-1500 m) depths (Lagoe 1984, 1985). Deposition in the 
Montere y Formation is also believed to occur at shallower depths through time (Lagoe 
1984, 1985; Behl , 1999). These studies combined with the presence of a channel-fill unit 
in the Monterey lead this worker to believe that deposition is most likely in shallow upper 
middle bathyal depths (b0=600 m +/- 100 m). 
The timing of the end of Monterey Formation sedimentation varies greatly 
depending on location , but has been well constrained by fossil assemblage, stratigraphic 
position, and radiometric dates to be 6 Ma for the Cuyama , Pismo , and Santa Maria 
basins (Behl , 1999). At the end of Monterey deposition , global sea level was 
approximately 100 meters lower than present day sea level (Vail et al. , 1977; Vail and 
Hardenbol , 1979) . This would make our term SL1 equal to - 100 meters at time t of 6 Ma. 
Net uplift of 1000 m +/- 100 mi s calculated with b0 = 600 m +/- 1 00m, SL1 = -
100 m , and t = 6 Ma , using equation 1. Assuming maximum depths (2100-2300 m) of 
Monterey deposition (which is very unlikely to be the case) the result increases to 2600 m 
+/- 100 m. The uplift rate , calculat ed with equation 2, yields a minimum long-term net 
uplift rate of .167 +/- .017 m/kyr for the past 6 Ma, and a maximum net uplift rate of 
.433 +/- .017 m/kyr. 
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DISCUSSION OF UPLIFT 
Multiple studies of uplift rates for the central California coast have yielded several 
differing and overlapping uplift rates (Table 13). However, much of the data is for uplift 
from 3 .5 Ma to present , when California became "permanently" uplifted above sea level 
Table 13. Uplift rates for the California Coast Ranges from previous studies. 
Source of Data Uplift Rate m/kyr Period of Uplift Net uplift (m) Comment 
This study 0.167+/- 0.017 6 Ma-present 900-1100 Uplifted submarine fan deposit 
Page et al. , 1998 1.4 3-0.45 Ma 3570 Stratigraphic/structural relationship 
Page et al. , 1998 1.4-2 2.2-0.5 Ma 2380-3400 Stratigraphic/structural relationship 
Burgmann et al. , 1992 0.8 4.6 Ma-present 3680 Fission tracks 
Valensise and Ward , 1991 0.13-0.35 125 ka-present 16.25-43 .75 Uplifted marine terraces 
McKittrick , 1988 0.16 200 ka-present 32 Uplifted marine terraces 
Hanson et al., 1994 0.17 330 ka-present 56 .1 Uplifted marine terraces 
Lettis et al. , 1994 0.12-0.23 Quaternary 120-230 Uplifted marine terraces 
(Page et al., 1998). Unfortunately, not much data is available for mean uplift rates for 6 
Ma to present or from 6 Ma to 3.5 Ma. Uplift rates from this study are very comparable 
to present day uplift rates from marine terraces. However , uplift rates from more long-
term studies (i.e., Page et al., 1998) yield much higher rates, and therefore, much higher 
magnitudes of net uplift are expected . By using the different rates from different periods , 
it is possible to construct what the uplift rates from 6-3 Ma were like . Previous studies 
(Hanson et al., 1994; Page et al., 1998) have shown that by analyzing stratigraphic 
relationships in the Coast Ranges calculations of uplift for brief time periods can be 
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calculated. By combining the rates from Hanson et al. ( 1994) and Page et al. (1998) I 
predict a net uplift of almost 3650 meters for 3 Ma-present. This would require either 
major down-dropping of structural blocks or sporadic subsidence, for which there is no 
evidence, or that uplift rates have remained nearly constant and near present day values 
for the last 6 Ma. This deficit is either attributable to: 1) misinterpretation of stratigraphic 
relationships or 2) presence of vertical faults separating areas where uplift rates have 
been calculated. 
CHAPTER VII 
CONCLUSIONS 
IMPLICATIONS FOR JURASSIC TECTONICS 
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The tectoni c regime of California during the Mesozoic is undeniably subduction 
related, however, whether it was extensional or compressional is dependent on how the 
CRO is interpreted . Several workers (Schweickert et al., 1984; Robertson, 1989; Hull et 
al., 1993; Schweickert, 1997; Godfrey and Klemperer, 1998) have proposed that the CRO 
formed in a back-arc basin that traveled behind an east-facing Jurassic arc that collided 
with western North America during the Nevadan orogeny forming a new proto-
Franciscan subduction zone to the west. These models are based on a view of the 
Nevadan orogeny as a simple short-lived event that occurred at 155+/- 3 Ma 
(Schweickert et al., 1984). More recent work suggests that this is not the case and that 
much of the deformation attributed to the Nevadan orogeny occurred before 200 Ma and 
after 166 Ma (Saleeby , 1982, I 983; Wright and Fahan , 1988; Tobisch et al., 1989). This 
means that this view for the formation of the CRO is invalid. 
Furthermore, this view is based on a model that requires continuous subduction 
and magmatism from 215 Ma to 80 Ma. Ward (1995) revealed that there are distinct 
gaps in subduction and magmatism when the margin converts to a transform margin. 
These breaks in subduction allow for periodic crustal foundering and subsequent 
subduction renewals , which may lead to the formation of supra-subduction zone 
ophiolites. 
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The model of supra-subduction zone ophiolite formation proposed in this 
paper for the CRO is consistent with current understanding of the Cordilleran margin of 
California. A supra-subduction zone origin for the CRO also suggests that the forearc 
region was under extension during the formation of the CRO. 
The Cuesta Ridge ophiolite remnant is an extremely valuable data point that 
correlates the southern CRO to northern CRO remnants (e.g., Elder Creek). The 
similarity between the northernmost CRO remnants and Cuesta Ridge gives the CRO an 
original extent of over 1000 km ( after San Andreas motion is restored). Also , the 
presence of late-stage MO RB-affinity dikes at several CRO locales has implications for 
paleo-spreading center orientations. The Coincidence in timing of the late stage dikes 
along the length of the CRO indicates a specific ridge orientation at the time of collision 
(162 Ma). 
IMPLICATIONS FOR NEOGENE TECTONICS 
The tectonic regime of California during the Neogene has been dominated by San 
Andreas related transform motion. However, in the Coast Ranges, many of the reverse 
faults and folds are sub-parallel to the current transform boundary suggesting they are 
unrelated to San Andreas strike-slip motion, but are instead related to the convergent 
component of the boundary. Uplift observed in the Coast Ranges is dominantly related to 
the convergent component of motion . Net uplift rates calculated by dating marine 
terraces younger than 350 ka (McKittrick , 1988; Valensise and Ward, 1991; Hanson et 
116 
al. , 1994, Lettis et al., 1994) have uplift rates consistent with those calculated in this 
study for 6 Ma to present. This implies that uplift has been nearly continuous for that 6 
Ma in the Coast Ranges of California. 
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Comagmat output for sample CR 04-1 
Mol Mass Temp ,C lg fO2 Melt Oliv Plag Aug Opx llm Magn 
0 0 1377.6 -6.52 100 0 0 0 0 0 0 
1 0.8 1372.1 -6.57 99.2 0.8 0 0 0 0 0 
2 0.9 1366.4 -6.62 99.1 0.9 0 0 0 0 0 
3 0.9 1360.4 -6.67 99.1 0.9 0 0 0 0 0 
4 0.9 1354.3 -6.73 99.1 0.9 0 0 0 0 0 
5 0.9 1347.9 -6.79 99.1 0.9 0 0 0 0 0 
6 0.9 1341.3 -6.85 99.1 0.9 0 0 0 0 0 
7 0.9 1334.4 -6.92 99.1 0.9 0 0 0 0 0 
8 0.9 1327.3 -6.98 99.1 0.9 0 0 0 0 0 
9 0.9 1319.9 -7.05 99.1 0.9 0 0 0 0 0 
10 1 1312.2 -7.13 99 1 0 0 0 0 0 
11 1 1304.2 -7.21 99 0 0 0 0 0 
12 1 1295.8 -7.29 99 1 0 0 0 0 0 
13 1 1287.1 -7.38 99 1 0 0 0 0 0 
14 1 1278.1 -7.47 99 1 0 0 0 0 0 
15 1 1268.6 -7.56 99 0 0 0 0 0 
16 1 1258.7 -7.67 99 1 0 0 0 0 0 
17 1 1248.4 -7.78 99 1 0 0 0 0 0 
18 1 1237.6 -7.89 99 1 0 0 0 0 0 
19 1.1 1226.2 -8.01 98.9 1.1 0 0 0 0 0 
20 1.1 1214.4 -8.14 98.9 1.1 0 0 0 0 0 
21 1.1 1201.9 -8.28 98.9 1.1 0 0 0 0 0 
22 1.1 1188.8 -8.43 98.9 1.1 0 0 0 0 0 
23 1 .1 1175 -8.59 98.9 1.1 0 0 0 0 0 
24 1.2 1170.2 -8.65 98.8 0.1 0 0.9 0.2 0 0 
25 1.2 1167 -8.68 98.8 0 0 1 0.2 0 0 
26 1.3 1163.8 -8.72 98.7 0 0 1.1 0.2 0 0 
27 1.3 1161.3 -8.75 98.7 0 0 1.3 0 0 0 
28 1.3 1158.5 -8.78 98.7 0 0 1.3 0 0 0 
29 1.4 1156.3 -8.81 98.6 0 0.3 1.1 0 0 0 
30 1.4 1155.3 -8.82 98.6 0 0.6 0.8 0 0 0 
31 1.5 1154.6 -8.83 98.5 0 0.6 0.8 0 0 0 
32 1.5 1153.7 -8.84 98.5 0 0.7 0.8 0 0 0 
33 1.5 1152.5 -8.86 98.5 0 0.8 0.8 0 0 0 
34 1.5 1151.8 -8.86 98.5 0 0.8 0.8 0 0 0 
35 1.6 1150.6 -8.88 98.4 0 1 0.1 0.5 0 0 
36 1.6 1149.9 -8.89 98.4 0 1 0.1 0.5 0 0 
37 1.6 1149.1 -8.9 98.4 0 0.9 0.5 0.2 0 0 
38 1.6 1148.2 -8.91 98.4 0 0.8 0.7 0.1 0 0 
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39 1.7 1147.3 -8.92 98.3 0 0.8 0.7 0.1 0 0 
40 1.7 1146.3 -8.93 98.3 0 0.8 0.7 0.1 0 0 
41 1.7 1145.1 -8 .95 98.3 0 0.8 0.8 0.1 0 0 
42 1.7 1144 -8 .96 98.3 0 0.8 0.8 0.1 0 0 
43 1.8 1142.8 -8 .97 98.2 0 0.9 0.8 0.1 0 0 
44 1.8 1141.8 -8.99 98.2 0 1 0.8 0 0 0 
45 1.8 1140.7 -9 98.2 0 0.9 0.8 0.1 0 0 
46 1.9 1139.5 -9.01 98.1 0 0.9 0.9 0.1 0 0 
47 1.9 1138.3 -9.03 98.1 0 1 0.9 0 0 0 
48 2 1137.4 -9.04 98 0 1 0.9 0 0 0 
49 2 1136.1 -9.06 98 0 1 0.8 0.1 0 0 
50 2 1134.8 -9.07 98 0 1.1 0.8 0.1 0 0 
51 2.1 1133.5 -9.09 97.9 0 1.1 0.9 0.1 0 0 
52 2.1 1132.2 -9.1 97.9 0 1.2 0.7 0.3 0 0 
53 2.2 1131.2 -9.12 97.8 0 1.2 0.7 0.3 0 0 
54 2.2 1129.9 -9.13 97.8 0 1.3 0.7 0.3 0 0 
55 2.3 1128.5 -9.15 97.7 0 1.3 0.7 0.3 0 0 
56 2.4 1127.3 -9.16 97.6 0 1.4 0.8 0.2 0 0 
57 2.4 1126.2 -9.18 97.6 0 1.3 0.8 0.2 0 0.1 
58 2.5 1125.3 -9.19 97.5 0 1.2 0.9 0.2 0 0.2 
59 2.5 1124.5 -9.2 97.5 0 1.2 1 0.1 0 0.2 
60 2.6 1123.8 -9.21 97.4 0 1.2 1.2 0 0 0.3 
61 2.7 1122.8 -9.22 97.3 0 1.1 1.3 0 0 0.3 
62 2.7 1122.4 -9.23 97.3 0 1.2 1.3 0 0 0.3 
63 2.8 1120.8 -9.25 97.2 0 1.2 1.3 0 0 0.3 
64 2.9 1120.2 -9.25 97.1 0 1.3 1.3 0 0 0.3 
65 3 1119.6 -9.26 97 0 1.4 1.3 0 0 0.3 
66 3.1 1118. 7 -9 .27 96.9 0 1.4 1.4 0 0 0.3 
67 3.2 1117. 7 -9.29 96.8 0 1.5 1.3 0 0 0.3 
68 3.3 1116.4 -9.3 96.7 0 1.5 1.4 0 0 0.3 
69 3.4 1115.1 -9.32 96.6 0 1.5 1.5 0 0 0.4 
70 3.5 1113.4 -9.34 96.5 0 1.5 1.5 0 0 0.4 
71 3.6 1112.3 -9.35 96.4 0 1.6 1.6 0 0 0.4 
72 3.7 1111.3 -9 .37 96.3 0 1.7 1.6 0 0 0.3 
73 3.9 1109. 7 -9.39 96.1 0 1.8 1.7 0 0 0.4 
74 4 1107.8 -9.41 96 0 1.8 1.8 0 0 0.4 
75 4.2 1105.8 -9.44 95.8 0 1.9 1.8 0 0 0.4 
76 4.4 1103.2 -9.47 95.6 0 2.1 1.8 0 0 0.5 
77 4.6 1101.3 -9.49 95.4 0 2.2 1.9 0 0 0.5 
78 4 .7 1099.4 -9.52 95.3 0 2.2 2.2 0 0 0.4 
79 5 1096.6 -9.56 95 0 2.3 2.3 0 0 0.4 
80 5.2 1093.4 -9.6 94.8 0 2.5 2.3 0 0 0.5 
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Composition of liquid 
Mol Temp ,C Dens SiO2 TiO2 Al2O3 FeO MgO Cao Na2O K2O 
0 1377.6 2.67 52.94 0.55 10.63 10.2 14.15 8.51 2.53 0.13 
1 1372.1 2.67 53.04 0.55 10.72 10.2 13.86 8.58 2.551 0.131 
2 1366.4 2.67 53.14 0.56 10.81 10.2 13.57 8.65 2.573 0.132 
3 1360.4 2.67 53.25 0.56 10.9 10.2 13.27 8.73 2.595 0.133 
4 1354.3 2.66 53.35 0.57 11 10.19 12.97 8.8 2.617 0.134 
5 1347.9 2.66 53.46 0.57 11.09 10.19 12.66 8.88 2.64 0.136 
6 1341.3 2.66 53.58 0.58 11.19 10.18 12.35 8.96 2.663 0.137 
7 1334.4 2.66 53.69 0.58 11.29 10.17 12.04 9.04 2.686 0.138 
8 1327.3 2.66 53.81 0.59 11.39 10.15 11.72 9.12 2.71 0.139 
9 1319.9 2.66 53.93 0.59 11.49 10.14 11.4 9.2 2.735 0.141 
10 1312.2 2.65 54.05 0.6 11.59 10.12 11.07 9.28 2.759 0.142 
11 1304.2 2.65 54.18 0.61 11.7 10.1 10.74 9.37 2.785 0.143 
12 1295.8 2.65 54.31 0.61 11.81 10.07 10.41 9.45 2.811 0.144 
13 1287.1 2.65 54.44 0.62 11.92 10.04 10.07 9.54 2.837 0.146 
14 1278.1 2.65 54.58 0.62 12.03 10.01 9.73 9.63 2.864 0.147 
15 1268.6 2.64 54.72 0.63 12.15 9.97 9.38 9.73 2.892 0.149 
16 1258.7 2.64 54.86 0.63 12.27 9.93 9.03 9.82 2.92 0.15 
17 1248.4 2.64 55.01 0.64 12.39 9.89 8.67 9.92 2.949 0.152 
18 1237.6 2.64 55.16 0.65 12.51 9.84 8.31 10.02 2.978 0.153 
19 1226.2 2.63 55.31 0.65 12.64 9.78 7.94 10.12 3.008 0.155 
20 1214.4 2.63 55.47 0.66 12.77 9.72 7.57 10.22 3.039 0.156 
21 1201.9 2.63 55.64 0.67 12.9 9.65 7.2 10.33 3.07 0.158 
22 1188.8 2.62 55.81 0.67 13.03 9.57 6.83 10.44 3.102 0.159 
23 1175 2.62 55.98 0.68 13.17 9.48 6.45 10.55 3.135 0.161 
24 1170.2 2.62 56.02 0.69 13.31 9.5 6.28 10.48 3.172 0.163 
25 1167 2.62 56.05 0.69 13.44 9.53 6.13 10.39 3.209 0.165 
26 1163.8 2.62 56.08 0.7 13.58 9.56 5.98 10.29 3.248 0.167 
27 1161.3 2.62 56.12 0.7 13.72 9.59 5.85 10.17 3.287 0.169 
28 1158.5 2.62 56.16 0.71 13.86 9.62 5.72 10.04 3.328 0.171 
29 1156.3 2.61 56.2 0.71 13.93 9.68 5.63 9.93 3.355 0.173 
30 1155.3 2.61 56.23 0.72 13.92 9.76 5.58 9.84 3.368 0.176 
31 1154.6 2.61 56.27 0.73 13.92 9.84 5.53 9.75 3.382 0.178 
32 1153.7 2.61 56.31 0.74 13.91 9.92 5.48 9.66 3.396 0.181 
33 1152.5 2.62 56.34 0.74 13.89 10.01 5.44 9.58 3.404 0.183 
34 1151.8 2.62 56.38 0.75 13.86 10.1 5.4 9.5 3.413 0.186 
35 1150.6 2.62 56.4 0.76 13.79 10.18 5.33 9.52 3.41 0.189 
36 1149.9 2.62 56.41 0.77 13.72 10.27 5.28 9.53 3.406 0.192 
37 1149.1 2.62 56.44 0.78 13.66 10.37 5.23 9.48 3.408 0.195 
38 1148.2 2.62 56.48 0.79 13.64 10.46 5.17 9.41 3.415 0.198 
39 1147.3 2.62 56.51 0.8 13.61 10.56 5.12 9.34 3.423 0.201 
40 1146.3 2.62 56.54 0.81 13.59 10.65 5.06 9.27 3.431 0.204 
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41 1145.1 2.62 56.58 0.83 13.57 10.75 4.99 9.2 3.438 0.207 
42 1144 2.62 56.62 0.84 13.54 10.85 4.93 9.12 3.446 0.211 
43 1142.8 2.62 56.65 0.85 13.52 10.95 4.86 9.04 3.455 0.215 
44 1141.8 2.62 56.69 0.86 13.48 11.06 4.82 8.96 3.456 0.218 
45 1140.7 2.62 56.73 0.87 13.46 11.17 4.75 8.88 3.464 0.222 
46 1139.5 2.62 56.77 0.88 13.44 11.27 4.68 8.8 3.473 0.226 
47 1138.3 2.62 56.81 0.9 13.4 11.39 4.63 8.71 3.474 0.23 
48 1137.4 2.62 56.85 0.91 13.35 11.51 4.58 8.62 3.476 0.235 
49 1136.1 2.62 56.88 0.92 13.31 11.63 4.51 8.54 3.477 0.239 
50 1134.8 2.62 56.92 0.94 13.27 11.76 4.45 8.46 3.477 0.244 
51 1133.5 2.62 56.96 0.95 13.23 11.88 4.38 8.38 3.478 0.249 
52 1132.2 2.63 56.99 0.97 13.17 12.02 4.31 8.32 3.47 0.254 
53 1131.2 2.63 57.02 0.99 13.1 12.15 4.25 8.27 3.462 0.259 
54 1129.9 2.63 57.06 1.01 13.04 12.29 4.18 8.21 3.452 0.264 
55 1128.5 2.63 57.09 1.02 12.97 12.44 4.11 8.15 3.442 0.27 
56 1127.3 2.63 57.12 1.04 12.88 12.6 4.06 8.08 3.423 0.276 
57 1126.2 2.63 57.18 1.06 12.81 12.72 4 8.02 3.409 0.283 
58 1125.3 2.63 57.34 1.05 12.78 12.7 3.93 7.97 3.408 0.289 
59 1124.5 2.63 57.5 1.05 12.76 12.68 3.87 7.89 3.409 0.296 
60 1123.8 2.62 57.72 1.03 12.76 12.62 3.81 7.8 3.412 0.304 
61 1122.8 2.62 57.95 1.02 12.77 12.53 3.74 7.7 3.422 0.311 
62 1122.4 2.62 58.17 1.01 12.77 12.48 3.68 7.6 3.427 0.319 
63 1120.8 2.61 58.45 0.99 12.78 12.36 3.61 7.5 3.435 0.328 
64 1120.2 2.61 58.71 0.97 12.77 12.27 3.54 7.39 3.438 0.337 
65 1119.6 2.61 58.95 0.96 12.74 12.23 3.48 7.29 3.434 0.346 
66 1118. 7 2.6 59.21 0.95 12.73 12.17 3.41 7.17 3.432 0.356 
67 1117.7 2.6 59.49 0.93 12.69 12.1 3.35 7.06 3.424 0.367 
68 1116.4 2.6 59.8 0.91 12.67 12.01 3.27 6.94 3.418 0.378 
69 1115.1 2.59 60.14 0.89 12.66 11.88 3.2 6.82 3.415 0.391 
70 1113.4 2.59 60.52 0.87 12.65 11.73 3.12 6.69 3.411 0.403 
71 1112.3 2.58 60.89 0.85 12.63 11.6 3.03 6.56 3.405 0.417 
72 1111.3 2.58 61.26 0.83 12.59 11.51 2.94 6.41 3.39 0.432 
73 1109.7 2.57 61.66 0.81 12.55 11.4 2.85 6.26 3.372 0.448 
74 1107.8 2.57 62.1 0.79 12.52 11.26 2.75 6.1 3.357 0.465 
75 1105.8 2.56 62.58 0.76 12.49 11.08 2.65 5.94 3.339 0.483 
76 1103.2 2.55 63.12 0.73 12.44 10.87 2.56 5.78 3.311 0.503 
77 1101.3 2.54 63.67 0.7 12.38 10.69 2.45 5.6 3.279 0.525 
78 1099.4 2.54 64.25 0.68 12.33 10.51 2.32 5.39 3.248 0.549 
79 1096.6 2.53 64.88 0.66 12.27 10.3 2.19 5.18 3.212 0.575 
80 1093.4 2.52 65.58 0.63 12.18 10.06 2.06 4.96 3.161 0.603 
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Conditions and Compositions of Mineral 
Mol Temp ,C Fo An En Fs Wo Alum En Fs Wo 
0 1377.6 89.61 0 0 0 0 0 0 0 0 
1 1372 .1 89.42 0 0 0 0 0 0 0 0 
2 1366.4 89 .22 0 0 0 0 0 0 0 0 
3 1360.4 89 .01 0 0 0 0 0 0 0 0 
4 1354.3 88 .79 0 0 0 0 0 0 0 0 
5 1347 .9 88.56 0 0 0 0 0 0 0 0 
6 1341 .3 88 .31 0 0 0 0 0 0 0 0 
7 1334.4 88 .06 0 0 0 0 0 0 0 0 
8 1327 .3 87.79 0 0 0 0 0 0 0 0 
9 1319.9 87 .5 0 0 0 0 0 0 0 0 
10 1312 .2 87.2 0 0 0 0 0 0 0 0 
11 1304.2 86 .88 0 0 0 0 0 0 0 0 
12 1295 .8 86.55 0 0 0 0 0 0 0 0 
13 1287 .1 86 .19 0 0 0 0 0 0 0 0 
14 1278 .1 85.81 0 0 0 0 0 0 0 0 
15 1268 .6 85.4 0 0 0 0 0 0 0 0 
16 1258 .7 84.96 0 0 0 0 0 0 0 0 
17 1248.4 84.49 0 0 0 0 0 0 0 0 
18 1237 .6 83 .99 0 0 0 0 0 0 0 0 
19 1226.2 83.45 0 0 0 0 0 0 0 0 
20 1214.4 82 .86 0 0 0 0 0 0 0 0 
21 1201 .9 82 .22 0 0 0 0 0 0 0 0 
22 1188 .8 81 .53 0 0 0 0 0 0 0 0 
23 1175 80 .77 0 0 0 0 0 0 0 0 
24 1170 .2 80 .35 0 47 .87 10.29 41 .84 2.06 76.44 16.56 7 
25 1167 0 0 47.55 10.57 41 .88 2.13 76.14 16.84 7.01 
26 1163 .8 0 0 47.26 10.86 41 .88 2.21 75.85 17.13 7.02 
27 1161 .3 0 0 47.08 11.17 41 .74 2.28 0 0 0 
28 1158 .5 0 0 46 .87 11.5 41 .64 2.36 0 0 0 
29 1156 .3 0 53 .69 46 .76 11.79 41.45 2.42 0 0 0 
30 1155 .3 0 53 .28 46 .71 12.01 41.28 2.43 0 0 0 
31 1154 .6 0 52.87 46 .64 12.22 41.14 2.45 0 0 0 
32 1153 .7 0 52.46 46 .58 12.44 40 .97 2.46 0 0 0 
33 1152 .5 0 51.94 46 .57 12.68 40 .75 2.47 0 0 0 
34 1151 .8 0 51.41 46 .52 12.9 40 .58 2.48 74 19.21 6 .8 
35 1150 .6 0 50 .95 46 .18 13.1 40 .72 2.48 73.68 19.48 6 .84 
36 1149 .9 0 50.44 45 .84 13.26 40 .9 2.46 73 .39 19.74 6 .87 
37 1149.1 0 49.9 45.69 13.47 40 .84 2.46 73.13 20 6 .87 
38 1148.2 0 49.42 45 .54 13.72 40.73 2.47 72.87 20.28 6 .85 
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39 1147.3 0 48.95 45.39 13.98 40.63 2.48 72.59 20.58 6.83 
40 1146.3 0 48.48 45.23 14.25 40.52 2.5 72.31 20.89 6.81 
41 1145.1 0 48.01 45.06 14.55 40 .39 2.51 72.01 21.2 6.79 
42 1144 0 47.55 44.88 14.85 40 .27 2.53 71.7 21.53 6.77 
43 1142.8 0 47.08 44.69 15.17 40 .14 2.55 71.38 21.87 6.75 
44 1141.8 0 46.44 44.61 15.48 39.9 2.55 71.1 22.19 6.71 
45 1140.7 0 45.99 44.39 15.82 39.79 2.57 70.75 22.56 6.69 
46 1139.5 0 45 .53 44.16 16.18 39.66 2.59 70.39 22.94 6.67 
47 1138.3 0 44.9 44.05 16.54 39.42 2.6 70.07 23.3 6.63 
48 1137.4 0 44.27 43.91 16.88 39.22 2.61 69.74 23.67 6.59 
49 1136.1 0 43.72 43.68 17.26 39.05 2.62 69.36 24.07 6.57 
50 1134.8 0 43.16 43.44 17.66 38.9 2.64 68.97 24.49 6.54 
51 1133.5 0 42.61 43.19 18.07 38.74 2.65 68.56 24.92 6.52 
52 1132.2 0 42.02 42.89 18.47 38.64 2.66 68.13 25.36 6.51 
53 1131.2 0 41.44 42.56 18.87 38.57 2.66 67.68 25.82 6.5 
54 1129.9 0 40.85 42.22 19.3 38.47 2.67 67.22 26.29 6.49 
55 1128.5 0 40.28 41.86 19.75 38.38 2.68 66.74 26.78 6.48 
56 1127.3 0 39.53 41.64 20.19 38.18 2.67 66.31 27.24 6.45 
57 1126.2 0 38.95 41.33 20.58 38.09 2.67 65.86 27.7 6.44 
58 1125.3 0 38.6 41.03 20.87 38.1 2.69 65.52 28.04 6.45 
59 1124.5 0 38.22 40.8 21.12 38.08 2.71 65.26 28.29 6.44 
60 1123.8 0 37.82 40.69 21.33 37.97 2.74 0 0 0 
61 1122.8 0 37.51 40.54 21.54 37.91 2.78 0 0 0 
62 1122.4 0 37.1 40.39 21.79 37.82 2.81 0 0 0 
63 1120.8 0 36.78 40.24 21.98 37.78 2.85 0 0 0 
64 1120.2 0 36.36 40.12 22.18 37.7 2.89 0 0 0 
65 1119.6 0 35.86 39.98 22.45 37.57 2.93 0 0 0 
66 1118.7 0 35.39 39.79 22.76 37.45 2.97 0 0 0 
67 1117.7 0 34.88 39.64 23.04 37.31 3 0 0 0 
68 1116.4 0 34.4 39.46 23.32 37.22 3.04 0 0 0 
69 1115.1 0 33.97 39.26 23.61 37.13 3.1 0 0 0 
70 1113.4 0 33.56 39.08 23.89 37.03 3.16 0 0 0 
71 1112.3 0 33.09 38.86 24.2 36.95 3.22 0 0 0 
72 1111.3 0 32.52 38.6 24.62 36.78 3.29 0 0 0 
73 1109.7 0 31.96 38.33 25.07 36.6 3.36 0 0 0 
74 1107.8 0 31.43 38 25.56 36.44 3.45 0 0 0 
75 1105.8 0 30.92 37.68 26.03 36.3 3.54 0 0 0 
76 1103.2 0 30.38 37.4 26.44 36.16 3.63 0 0 0 
77 1101.3 0 29.79 37.07 26.94 35.99 3.74 0 0 0 
78 1099.4 0 29.14 36.56 27.69 35.75 3.89 0 0 0 
79 1096.6 0 28.5 35.98 28.53 35.48 4 05 0 0 0 
80 1093.4 0 27.84 35.43 29.37 35.2 4.22 0 0 0 
135 
Trace Elements 
Mol Temp,C MnO Ni Co Cr Sc V Sr Ba Rb 
0 1377.6 0.25 167 0 348 40 .3 241 184 57 1 
1 1372.1 0.251 159.67 0 348.29 40 .51 243 185.53 57.47 1.01 
2 1366.4 0.252 152.41 0 348.58 40.73 245.04 187.08 57.96 1.02 
3 1360.4 0.253 145.23 0 348.87 40 .94 247 .11 188.67 58.45 1.03 
4 1354.3 0.253 138.12 0 349.17 41 .16 249 .22 190.28 58.94 1.03 
5 1347.9 0.254 131.09 0 349.47 41 .39 251 .37 191.92 59.45 1.04 
6 1341.3 0.255 124.15 0 349.77 41 .61 253 .56 193.59 59.97 1.05 
7 1334.4 0.256 117.29 0 350.08 41 .84 255 .79 195.29 60 .5 1.06 
8 1327.3 0.256 110.53 0 350.39 42 .08 258.06 197.03 61.04 1.07 
9 1319.9 0.257 103.87 0 350.7 42.32 260 .38 198.8 61.58 1.08 
10 1312.2 0.258 97.32 0 351.02 42 .56 262 .74 200 .6 62.14 1.09 
11 1304.2 0.258 90.89 0 351.34 42.8 265 .15 202.44 62. 71 1.1 
12 1295.8 0.259 84.57 0 351.66 43 .05 267 .61 204 .31 63.29 1.11 
13 1287.1 0.259 78.39 0 351.99 43 .31 270 .11 206 .23 63 .89 1.12 
14 1278.1 0.26 72.35 0 352.32 43 .57 272 .67 208 .18 64.49 1.13 
15 1268.6 0.26 66.46 0 352.66 43 .83 275 .28 210 .17 65 .11 1.14 
16 1258.7 0.26 60.73 0 353 44 .1 277 .95 212.21 65 .74 1.15 
17 1248.4 0.26 55.17 0 353.34 44 .37 280.67 214.29 66 .38 1.16 
18 1237.6 0.26 49.8 0 353.69 44 .65 283.46 216.41 67 .04 1.18 
19 1226.2 0.26 44.63 0 354.04 44 .93 286 .3 218.59 67 .71 1.19 
20 1214.4 0.26 39.67 0 354.4 45.22 289 .21 220.81 68.4 1.2 
21 1201.9 0.26 34.94 0 354.76 45.51 292 .19 223 .09 69 .11 1.21 
22 1188.8 0.259 30.46 0 355.13 45 .81 295 .24 225.42 69 .83 1.23 
23 1175 0.258 26.23 0 355.51 46.12 298 .37 227 .8 70.57 1.24 
24 1170.2 0.258 24.81 0 328.5 45 .54 297 .25 229.99 71.32 1.25 
25 1167 0.257 23.61 0 301.51 44 .9 295.83 232.21 72.1 1.26 
26 1163.8 0.256 22.38 0 275.13 44 .21 294 .31 234.45 72.88 1.28 
27 1161.3 0.255 21.11 0 248 .18 43.42 292.53 236 .67 73 .68 1.29 
28 1158.5 0.253 19.9 0 223 .72 42 .64 290 .75 238.95 74.5 1.31 
29 1156.3 0.253 19.02 0 206 .15 42.14 290.18 239.37 75.28 1.32 
30 1155.3 0.253 18.44 0 194.27 41.92 290.82 237.87 76 1.34 
31 1154.6 0.254 17.87 0 182.84 41 .69 291.45 236.38 76.74 1.35 
32 1153.7 0.255 17.3 0 171.89 41.46 292 .07 234.89 77.49 1.37 
33 1152.5 0.255 16.82 0 162.73 41 .31 293 .1 232. 76 78.24 1.39 
34 1151.8 0.256 16.35 0 153.86 41 .16 294 .13 230.62 79.01 1.4 
35 1150.6 0.259 16.33 0 153.67 41.55 296.91 227 .34 79.76 1.42 
36 1149.9 0.261 16.26 0 152.5 41 .89 299 .61 223 .99 80.52 1.44 
37 1149.1 0.262 15.97 0 147.14 41 .96 301 .5 221 .19 81 .32 1.46 
38 1148.2 0.263 15.55 0 139.72 41 .87 302.8 219 .01 82.17 1.48 
39 1147.3 0.264 15.13 0 132.5 41 .77 304 .1 216 .83 83.03 1.5 
40 1146.3 0.265 14.71 0 125.5 41 .66 305.4 214.64 83.92 1.52 
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41 1145.1 0.266 14.28 0 118. 71 41.55 306. 71 212.45 84.84 1.54 
42 1144 0.267 13.86 0 112.13 41.43 308.01 210.26 85.78 1.56 
43 1142.8 0.268 13.45 0 105.77 41.3 309.32 208.06 86.74 1.59 
44 1141.8 0.269 13.07 0 99.9 41.21 310.98 205 .15 87.69 1.61 
45 1140.7 0.269 12.65 0 93.93 41.07 312.29 202.95 88.71 1.64 
46 1139.5 0.27 12.24 0 88.19 40.91 313.6 200.74 89.76 1.66 
47 1138.3 0.271 11.86 0 82.9 40.8 315.28 197.82 90.79 1.69 
48 1137.4 0.272 11.49 0 77.79 40.68 316.97 194.89 91.86 1.71 
49 1136.1 0.273 11.15 0 73.37 40.61 318.83 192 92.96 1.74 
50 1134.8 0.274 10.81 0 69.09 40.53 320. 71 189.11 94.1 1.77 
51 1133.5 0.275 10.47 0 64.94 40.45 322.59 186.21 95.27 1.8 
52 1132.2 0.276 10.23 0 62 40.54 325.26 182.65 96.43 1.83 
53 1131.2 0.278 9.98 0 59.11 40.62 327.97 179.09 97.63 1.86 
54 1129.9 0.279 9.74 0 56.27 40.7 330.73 175.53 98.87 1.9 
55 1128.5 0.281 9.49 0 53.47 40.78 333.53 171.97 100.15 1.93 
56 1127.3 0.283 9.27 0 50.89 40.9 336.83 167.69 101.41 1.97 
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APPENDIX B. ST AND ARDS 
• 
Standards for XRF analysis : 
Standard 
BCR-1 
BHVO 
BIR-I 
DNC-1 
DTS-1 
DTS 
G-2 
PCC-1 
QL0-1 
RGM-1 
SDC-1 
STM-1 
Source 
USGS 
Hawaiian Volcano Observatory 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
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Standards for electron microprobe analysis are all from USGS and Smithsonian Institute. 
Minerals used: Ilmenite , Corundum , Hematite , Diopside , Chromite , Albite , and 
Sanidine . 
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APPENDIX C. LOWER LIMITS OF DETECTION 
